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SUMMARY 
 
On the basis of isozyme, morphological and pathological studies, genetic variability among 
isolates of Phytophthora cinnamomi in Australia has been reported to be low. Recently there has 
been a report which indicates that isolates vary in pathogenicity in clonal Eucalyptus marginata. 
However, no studies have examined variability in a number of life history characteristics using the 
same P. cinnamomi isolates. In the present study, 72 isolates of P. cinnamomi were examined for 
variability, based on the following characteristics: radial growth rates on different agar media and 
at different temperatures; sporangial and gametangial morphology; and pathogenicity in non-
clonal  E. calophylla and E. marginata and clonal E. marginata. Sixty-six isolates had been 
isolated from E. calophylla and E. marginata from the Huntly, Jarrahdale and Willowdale 
minesites (Alcoa of Aust. Ltd.). The remaining 6 isolates had been isolated from a range of plant 
species and were obtained from Old’s and Dudzinski’s (CSIRO, Canberra) culture collection 
(ODCC). 
 
Radial growth rate studies on cleared V8-juice agar (V8A) and potato dextrose agar (PDA) at 
15°C and 24°C showed that the P. cinnamomi isolates varied significantly (p=0.05). Isolates from 
Willowdale had slightly higher growth rates than the other isolates. Isolates from ODCC generally 
had the lowest radial growth rates. Willowdale isolates were less thermosensitive than the 
Jarrahdale isolates. The majority of the 72 isolates had radial colony morphologies, while only a 
few had semi-rosette and rosette morphologies. 
 
The pathogenicity of 72 isolates in excised branches of non-clonal E. marginata and E. calophylla 
was examined. This was based on lesion growth rates, growth extension beyond the lesion margin 
(EBL) and the time until the lesion was first observed (lag phase). Considerable variation in 
pathogenicity was observed among the 72 isolates The most pathogenic group of isolates were 
those from Willowdale.  
 
Ten isolates, 6 highly pathogenic and 4 of low pathogenicity, were selected for further studies in 
excised branches, intact branches in the field and in roots of susceptible (SS) and resistant (RR) E. 
marginata clones. In excised branches, lesion growth rates were lower in the RR clone than in the   x
SS clones. However, 4 isolates produced lesion extensions (mm) in the RR clone that were almost 
identical in at least one SS clone. This suggests that these 4 isolates were able to overcome the 
resistance mechanisms of the RR clone. In the field and root experiments, there was no distinction 
of growth rates between the SS and RR clones. 
 
Examination of gametangia of the 10 isolates selected for variation in pathogenicity revealed that 
7 were capable of producing oogonia with paragynous and amphigynous antheridia. This is the 
first recording of paragynous antheridia in P. cinnamomi. The gametangial, sporangial and 
chlamydospore dimensions were significantly (p=0.05) different among the 10 isolates. There was 
also wide variability in zoospore production among the isolates. 
 
Cluster analysis of the 72 isolates based on morphological and pathological phenotypes 
distinguished 4 groups of isolates that corresponded to geographical location for 3 groups and the 
fourth contained 4 out of the 6 isolates from ODCC. There was no distinction of isolates based on 
the host species they were originally isolated from. 
 
In conclusion, this study has shown that variability in morphological, physiological and 
pathological characteristics occurs among isolates of P. cinnamomi. This raises the question that 
these isolates may differ genetically. 
   xi
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Chapter 1. GENERAL INTRODUCTION 
 
The genus Phytophthora belongs to the Kingdom Protoctista, Division Oomycota, and has a 
number of features that are common to other plant pathogenic Oomycetes, but differ from ‘true’ 
fungi (Kendrick, 1992). These features include motile zoospores and cell walls composed of 
glucans and cellulose instead of chitin. One of the key features of Phytophthora is oogamous 
reproduction. Phytophthora has heterothallic and homothallic species (Zentmyer, 1983; Pan et al., 
1994). The general term fungi in this report refers only to those belonging to Phytophthora and 
does not include the ‘true’ fungi. 
 
Over 80 different species have been identified, and the majority of these are plant pathogens (Pan 
et al., 1994). As pathogens they are a worldwide problem causing a diverse range of diseases in 
many crop plants and ornamental trees including avocado, walnut, cocoa and raspberry (Matheron 
and Mircetich, 1985; Wilcox, 1989; Coffey, 1991). In addition, Phytophthora species are 
responsible for many pre- and post-harvest problems of vegetables and fruit such as late blight of 
potatoes, brown rot of citrus and black pod of cocoa (Cohen and Coffey, 1986). 
 
No other species has had such a devastating effect worldwide and over a large range of plant hosts 
as Phytophthora cinnamomi Rands. This species was first described by Rands in 1922 on 
Cinnamonum burmannii Blume in Sumatra, and since that time it has been described as the cause 
of disease in over 1000 plant species in more than 67 countries (Zentmyer, 1980). The pathogen 
was introduced into Western Australia, and despite its primitive characteristic of water 
dependency for survival, sporulation, dispersal and infection, it has had a significant impact 
(Zentmyer, 1980; Shearer, 1994). 
 
In the Southwest of Western Australia, large areas of indigenous Eucalyptus marginata Donn ex 
Sm. forest have been severely affected by P. cinnamomi (Shearer and Bailey, 1989; Shearer and 
Tippett, 1989). Many popular Western Australian Banksia species that have great potential in the 
wildflower and domestic industries are threatened by this fungus (McCredie et al., 1985). Other 
unique species of the families Proteaceae, Epacridaceae, Dilleniaceae, Myrtaceae and 
Xanthorrhoeaceae are under attack (Dell and Malajczuk, 1989; Shearer et al., 1991). The deaths   2
of these species, in addition to E. marginata, results in a significant reduction in vegetation 
diversity on infested sites (Shearer and Tippett, 1989). The complex life cycle of P. cinnamomi 
has widely contributed to its success as an introduced pathogen. 
 
1.1 LIFE CYCLE 
 
Two distinct stages (sexual and asexual) are present in the life history of P. cinnamomi that occur 
in the soil and plant tissues, primarily the roots (Phillips, 1993). The life cycle is shown in Figure 
1.1. This cycle is affected by environmental and nutritional factors (Zentmyer, 1980; Shearer and 
Tippett, 1989). 
 
1.1.1 Sexual stage 
 
Under normal conditions, P. cinnamomi is heterothallic and so 2 types of thalli (mating types) are 
required for sexual reproduction to occur, in contrast to homothallic species which are self fertile. 
Both mating types (A1 and A2) are able to produce the antheridia or oogonia (Galindo and 
Zentmyer, 1964). The programming of oogenesis involves the hyphal fusion and interaction 
between amphigynous antheridia which envelop the oogonial stalk (Chang et al., 1974). This 
interaction forms spherical plerotic oospores ranging on average from 29µm to 40 µm in diameter, 
although there are reports of variations to these dimensions (Zentmyer, 1983; Gerretson-Cornell, 
1989). There is no evidence for segregation of hormonal compounds by the 2 partners to initiate 
sexual differentiation, although this has been observed for P. parasitica (Ann and Ko, 1988; Ko, 
1983). Nor have there been any reports of paragynous antheridia, those which attach to the 
oogonium without enveloping the oogonial stalk. This characteristic delineates amphigynal 
species in groups II, IV and VI (P. cinnamomi) from paragynal species in groups I, III and V in 
the taxonomic key (Waterhouse et al., 1983; Stamps et al., 1990).   4
1.1.2 Asexual stage 
 
The major unit of the asexual stage is the distinctly corraloid and aseptate hyphae. These form the 
chlamydospores and sporangia. Chlamydospores are typically spherical with an average diameter 
of 27µm to 45µm in diameter, and these arise terminally or intercalary (between hyphal strands) 
separated by a septum or septa respectively (Zentmyer, 1983; Gerretson-Cornell, 1989). 
Sporangia are generally ellipsoid to ovate shaped with dimensions of 48µm to 75µm long by 
31µm to 46µm wide  (average length:breadth ratio of 1.3 - 1-9) (Gerretson-Cornell, 1989; Stamps 
et al., 1990). These are able to germinate directly via a germ tube formed at the exit pore or 
indirectly by a process known as zoosporogenesis. This involves the cleavage of mature 
multinucleate sporangia forming biflagellate, uninucleate zoospores (Hyde et al., 1991). Once 
released from the sporangium these represent the major disseminating units of this phytopathogen. 
 
1.2 INFECTION PROCESS 
 
The major source of infectious propagules are zoospores though hyphae and chlamydospores may 
act similarly (Malajczuk and Theodorou, 1979; Malajczuk et al., 1983). Zoospores are attracted 
chemotaxically to the zone of elongation, encyst and penetrate regardless of susceptibility or 
compatibility of the host (Khew and Zentmyer, 1973; Malajczuk and McComb, 1977; Halsall, 
1978; Hinch and Weste, 1979; Deacon, 1988; Gubler and Hardham, 1988; Aveling and 
Rijkenberg, 1989; Gubler et al., 1989). The pre- and post- penetration events are indicated in 
Table 1.1. 
 
For sometime it has been thought that short lateral and perennial roots that are infected are the 
cause of decline and death of E. marginata (Shea and Dell, 1981; Marks and Smith, 1980). 
However, after the recovery of P. cinnamomi from large roots it is believed this is the major cause 
(Tippett et al., 1983). More recently, there has also been some evidence suggesting that the fungus 
is able to penetrate the collar and lower stem (Smith and Marks, 1982), particularly in flooded 
rehabilitated minesites (Hardy, unpublished; O’Gara, unpublished).    6
 
Within the genus Eucalyptus, susceptibility to P. cinnamomi varies largely. Generally members of 
the subgenus Monocalyptus are susceptible, whereas members of the subgenera Symphomyrtus 
and Corymbia are tolerant (Tippett et al., 1985; Byrt and Holland, 1978). Eucalyptus calophylla 
R. Br., a member of Corymbia, is field tolerant, although under certain conditions may suffer low 
levels of infection (Podger, 1972). In contrast, E. marginata is susceptible, but there are reports of 
intraspecific variability in susceptibility to inoculation both in the field and in vitro (Grant and 
Byrt, 1984; Rockel, 1977; Stukely and Crane, 1994; Bennett et al., 1993). 
 
Studies examining lesion development in stems and roots of E. calophylla and E. marginata have 
shown that for the latter species these often extend rapidly and are not confined in comparison to 
the former species (Grant and Byrt, 1984; Cahill and McComb, 1992; Bennett et al., 1993). The 
nature of this resistance, whether structural or biochemical, has been widely investigated. 
Structural changes such as callose deposits and periderm formation have been observed in roots as 
a result of infection (Tippett and Hill, 1984; Cahill and Weste, 1983). Resistance has been shown 
to be associated with increased activity of phenylalanine ammonia-lyase (PAL) and the end 
products of the phenylpropanoid biosynthesis pathway, lignin and phenolic compounds (Cahill et 
al., 1993). These changes were observed for E. calophylla, but not E. marginata (Cahill and 
McComb, 1992). Similar changes as for E. calophylla have been observed for resistant clones of 
E. marginata (Cahill et al., 1992). These resistant clones have been demonstrated to resist disease 
in the field and pot experiments (Bennett et al., 1993; McComb et al., 1994; Stukely and Crane, 
1994). 
 
Apart from pot and field trials, a number of other methods have been used to screen for resistance 
in plant species to P. cinnamomi. One technique that has been investigated is the inoculation of 
callus cultures of Australian native species (McComb et al., 1987) and avocado (Phillips et al., 
1991) as a rapid in vitro resistance assay. It was found that the amount of callus that was formed 
in cultured cells in response to P. cinnamomi infection correlated with the degree of resistance in 
intact plants. Some workers have shown that inoculation of excised stems of avocado (Gabor and   7
Coffey, 1991) and Banksia species (Dixon et al., 1984; McCredie et al., 1985) was useful for 
screening resistance to Phytophthora root rot. These researchers generally found that most species 
examined produced similar resistant reactions to those observed in intact stems or roots. 
 
1.3 VARIABILITY IN PATHOGENICITY 
 
Selection of host resistance is dependent on the pathogenicity of the fungus. Zentmyer (1980) 
outlined a number of studies which indicate there is variability in pathogenicity among P. 
cinnamomi isolates in different plant hosts.  Crandall et al. (1945, cited in Zentmyer, 1980) made 
some interesting observations of variable pathogenicity on chestnut and forest nursery stock. 
These workers found that black walnut was only infected by isolates from walnut, but not isolates 
from chestnut. Another study with Alumi cypress, Irish yew, English walnut and Douglas fir 
found groups of P. cinnamomi isolates that were pathogenic to all four hosts, only to Douglas fir, 
only to Irish yew and English walnut, and to all 3 hosts except English walnut (Torgeson, 1954, 
cited in Zentmyer, 1980). Another example of pathogenicity variation was reported by Zentmyer 
and Guillemet (1981, cited in Erwin, 1983). These researchers reported that an A1 isolate from 
Camellia japonica was extremely pathogenic on avocados and camellia, whereas an A2 isolate 
from avocado only devastated avocado, but not camellia. Similarly, a chestnut isolate proved to be 
more aggressive in chestnuts than in other species (Robin, 1993). 
 
Variability of pathogenicity has been widely investigated for crop pathogens such as Bremia 
lactucae, which also belongs to the Oomycetes. In the UK, surveys of pathogenicity to 5 
resistance genes in lettuce identified over half the theoretically possible pathogenicity phenotypes 
(Michelmore  et al., 1988). While in Australia and California there were few pathogenic 
phenotypes. One of the problems in defining levels of pathogenicity of P. cinnamomi isolates in 
Eucalyptus species is not having genetically defined plant host material which is available for crop 
plants used in assessing such pathogens as B. lactucae (pers. comm. Tommerup). Therefore, there 
is little convincing information about variability in pathogenicity of P. cinnamomi isolates. The 
availability of clonal Eucalyptus species recently has enabled variability in isolates of P. 
cinnamomi to be examined. The recent report of variability in clonal Eucalyptus species showed 
that there were different pathogenic phenotypes among P. cinnamomi isolates (Dudzinski et al.,   8
1993). The designation of resistant and susceptible E. marginata clones was confirmed by the 
highly pathogenic P. cinnamomi isolates. 
 
1.4 AIMS AND OBJECTIVES 
 
Genetic variability among different populations of P. cinnamomi isolates in Australia has 
generally been regarded as being low based on isozyme, morphological and pathological studies 
(Old et al., 1984, 1988). There have been only a few reports of variability in Australia (Dudzinski 
et al., 1993;  Shepherd and Pratt, 1974). However, none of these studies have examined a range of 
characteristics on the same isolates. The aims of the following study were to determine whether 
variability in cultural characteristics, sporangial and gametangial morphology, and most 
importantly pathogenicity could be observed among P. cinnamomi isolates isolated from dying E. 
marginata and E. calophylla obtained from the Perth region. Isolates were mainly from the 
Jarrahdale, Willowdale and Huntly minesites (Alcoa of Aust. Ltd.) allowing locality differences to 
be examined as well as host origin. 
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Chapter 2. RADIAL GROWTH RATES AND COLONY 
MORPHOLOGY OF 72 ISOLATES OF Phytophthora cinnamomi 
in vitro 
 
2.1  INTRODUCTION 
 
As with other plant pathogenic fungi, temperature plays an important role in the growth, 
reproduction and pathogenesis of Phytophthora species (Zentmyer et al., 1976). Many studies 
have shown the effect of temperature on the growth of P. cinnamomi and these indicated little 
difference in response (Zentmyer, 1980). However, a small number of the more recent studies 
have shown a large variability in growth rates of isolates at different temperatures (Shepherd and 
Pratt, 1974; Zentmyer et al., 1976; Phillips and Weste, 1985; Robin, 1993). These studies have 
also shown that the composition of agar media affects the temperature-growth relations. An 
extensive study of 361 Australian isolates of P. cinnamomi by Shepherd and Pratt (1974) 
convincingly demonstrated that considerable differences in growth rates exist among populations 
from different regions. Zentmyer et al. (1976) disputed that variability was associated with host or 
geographical origin. It was observed that P. cinnamomi isolates had different forms of colonies on 
potato dextrose agar (PDA) at 24°C and that the camellioid or rosette growth form was the 
predominate type (Zentmyer, 1980). 
 
The purpose of this experiment was to determine whether P. cinnamomi isolates originating from 
E. marginata and E. calophylla varied in radial growth rates in response to different temperatures 
and agar media. Variability of colony morphology among isolates was also examined. 
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2.2  MATERIALS AND METHODS 
 
2.2.1 Origin of Phytophthora cinnamomi isolates 
 
A total of 72 isolates of  putative P. cinnamomi were used, of these 66 were selected from the 
Phytophthora culture collection on the basis of their isolation from E. marginata and E. 
calophylla originating from the Huntly, Jarrahdale and Willowdale minesites (Alcoa of Australia 
Ltd.) to facilitate a comparison between the two hosts and geographical location (Figure 2.1). 
These isolates were regarded as P. cinnamomi according to their corraloid hyphae, pronounced 
hyphal swellings and clusters of chlamydospores observed by Hardy (pers. comm.). All isolates 
were maintained under paraffin oil on Difco corn meal agar (CMA) slopes at 15ºC at Plant 
Pathology, Murdoch University, Western Australia. The remaining 6 isolates (code no. MP130 - 
MP135) were obtained from K. M. Old and M. Dudzinski (CSIRO, Canberra) and were included 
in this study because their pathogenicity had been determined (Dudzinski et al., 1993).  
 
During the entire experimental period, all isolates were maintained at 24ºC on 10% cleared V8-
juice (Campbell’s Soups Australia Pty. Ltd.) agar (V8A) with regular subculturing. The V8A 
medium contained 10% cleared V8-juice, 0.01% CaCO3, 0.002% β-sitosterol, and 2% Difco 
bacteriological agar, and was prepared as described by Byrt and Grant (1979). If necessary, 
isolates were freed of bacterial contaminants by culturing on streptomycin medium (Hardy, 1989). 
Details of the origin, mating type and isozyme type if known for P. cinnamomi isolates used in 
this study are shown in Table 2.1. 
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Table 2.1  Host and location details of the Phytophthora cinnamomi isolates studied. 
Isolate  
code no.
* 
Substrate 
 
Location Mating 
type 
Isozyme 
variant 
MU30  E. marginata Jarrahdale  A2   
MP27  E. marginata Jarrahdale  A2   
MP31 soil  Cape  Howe  A1   
MP61  E. marginata Jarrahdale  A2   
MP62  E. marginata Jarrahdale     
MP71  E. calophylla Willowdale  A2   
MP72  E. calophylla Willowdale  A2   
MP74   CALM  A2   
MP80  E. calophylla tap root  Jarrahdale     
MP82  E. calophylla stem  Jarrahdale     
MP84  E. calophylla lignotuber  Jarrahdale     
MP86  E. calophylla lignotuber  Jarrahdale     
MP87  E. calophylla lignotuber  Jarrahdale     
MP88  E. calophylla lignotuber  Jarrahdale     
MP89  E. calophylla root  Jarrahdale     
MP91  E. calophylla stem  Jarrahdale     
MP92  E. calophylla tap root  Jarrahdale     
MP94  E. marginata stem  Jarrahdale     
MP95  E. marginata stem  Jarrahdale     
MP96  E. marginata lignotuber  Jarrahdale     
MP97  E. marginata Jarrahdale     
MP98  E. marginata side root  Jarrahdale     
MP99  E. calophylla lignotuber  Jarrahdale     
MP100  E. calophylla root  Jarrahdale     
MP101  E. calophylla stem  Jarrahdale     
MP102  E. calophylla lignotuber  Jarrahdale     
MP103  E. calophylla root  Huntly     
MP110  E. calophylla Jarrahdale     
MP111  E. calophylla Jarrahdale     
MP112  E. calophylla lignotuber  Jarrahdale     
MP114  E. calophylla lignotuber  Willowdale     
MP115  E. calophylla Willowdale     
MP116  E. calophylla tap root  Willowdale     
MP118  E. calophylla lateral root  Willowdale     
MP119  E. calophylla lignotuber  Willowdale     
MP125  E. marginata Huntly     
MP126  E. marginata Huntly     
MP127  E. marginata Jarrahdale     
MP130 (A2421)  baiting eucalypt forest soil  Ourimbah NSW  A2  A2 - type 1 
MP131 (A2400)  Tasmannia lanceolata  Brown Plains TAS  A2  A2 - type 1  
MP132 (A2394)  Banksia ilicifolia  Gosnells WA  A2  A2 - type 1 
MP133 (A284)  Avocado  Gatton QLD  A2  A2 - type 2 
MP134 (A26)  Casuarina cunninghamiana  Barton ACT  A2  A2 - type 2 
MP135 (A15)  E. marginata  Kelmscott WA  A1  A1 - type 1 
MP94-1  E. marginata tap root  Willowdale     
MP94-3  E. marginata  tap root  Willowdale     
MP94-4  E. marginata collar & tap root  Willowdale   
MP94-5  E. marginata  collar Willowdale     
MP94-9  E. marginata  collar & root  Willowdale     
MP94-10  E. marginata  collar & root  Willowdale   
MP94-11  E. marginata  root Willowdale     
MP94-12  E. marginata collar & root  Willowdale   
MP94-13  E. marginata collar  Willowdale   
MP94-15  E. marginata lateral root  Willowdale   
MP94-17  E. marginata collar & root  Willowdale   
MP94-18  E. calophylla  Willowdale     
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Table 2.1 (cont.)
 
Isolate  
code no.
* 
Substrate 
 
Location Mating 
type 
Isozyme 
variant 
MP94-19  E. marginata collar & root  Willowdale     
MP94-20  E. marginata  Willowdale     
MP94-22  E. marginata collar & root  Willowdale     
MP94-25  E. marginata collar Willowdale     
MP94-26A  E. marginata collar   Willowdale   
MP94-26B  E. marginata root  Willowdale     
MP94-27  E. marginata collar & stem  Willowdale     
MP94-28  E. calophylla   Willowdale   
MP94-30  E. marginata collar  Willowdale   
MP94-32  E. marginata lateral root  Willowdale     
MP94-33  E. calophylla lignotuber Willowdale     
MP94-37  E. marginata collar Willowdale     
MP94-39  E. marginata collar Willowdale     
MP94-40  E. marginata collar Willowdale     
MP94-42  E. marginata  Willowdale     
MP94-47  E. marginata  Willowdale   
MP94-48  E. marginata Willowdale     
MP94-49  E. marginata Willowdale     
* Codes in parenthesis are those used in Old’s and Dudzinski’s culture collection 
 
2.2.2 Radial growth rate tests 
 
The preliminary radial growth rate studies (Appendix 1) indicated that PDA (Gibco Brl.) and V8A 
at 15ºC and 24ºC gave the greatest variation in radial growth rates. As a result, radial growth on 
PDA and V8A at 15ºC and 24ºC was measured for the remaining isolates which had not 
previously been measured in the preliminary experiments (Appendix 1). 
 
For all growth rate studies, P. cinnamomi isolates were grown on V8A for 3 to 4 days at 24ºC. 
Inoculum disks of 5mm diameter were then cut from the colony margins with a sterile cork borer. 
The disks were transferred, fungal-side down, to the centre of individual 9cm Petri dishes and 
incubated in the dark. There were 3 replicate plates per isolate. At 24 hour intervals, colony 
diameters were measured at 2 perpendicular points on each Petri dish for 4 days or until the 
mycelial colony reached the plate margin. Radial growth was determined by averaging the 2 
measurements per Petri dish and then subtracting the inoculum disk diameter. The isolates 
generally displayed linear radial growth under all culture conditions over the time period of 
measurements. It was therefore decided to calculate all growth rates based on day 4 data, since at 
this time a number of isolates had reached the Petri dish margin.   14
This experiment was completed in 3 separate trials for PDA and V8A, except for V8A at 15°C 
that was completed in 2 trials. Isolates MU30, MP72 and MP88 that were used in the 2 
preliminary experiments (Appendix 1) were included in each trial as standard isolates. For both 
PDA and V8A, the trials were not significantly (p=0.05) different from each other (Figure 2.2). 
As a result, growth rates within trials required no adjustment. 
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Figure 2.2 Mean isolate growth rates for trials 1 (     ), 2 (     ) and 3 (    ) under different culture 
conditions. Lines on bars represent standard errors. 
 
2.2.3 Colony morphology 
 
The results obtained from the preliminary experiment (Appendix 1) using 9 P. cinnamomi isolates 
on CMA, V8A, ½PDA and PDA, indicated that PDA gave the most distinctive range of colony 
morphologies after 4 days at 24ºC. Therefore, the remaining 63 isolates were screened for colony 
characteristics on PDA after 4 days at 24ºC. The isolates were classified into 3 characteristic 
phenotypic groups based on what was observed in the agar media preliminary experiment 
(Appendix 1) and Zentmyer’s (1980) observations (Figure 2.3). 
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The variation in growth rates for each medium and temperature are shown in Figure 2.4. 
Generally growth rates on each medium were skewed towards the fast growing spectrum, except 
at 15ºC on PDA where isolates displayed a normal distribution curve. None of the isolates in the 
fast growing class overlapped or exceeded in growth rate to those from the slow growing class at 
24ºC for both V8A and PDA. 
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Figure 2.4 Frequency distribution of growth rates of 72 isolates of Phytophthora cinnamomi on 
10% V8-juice agar and potato dextrose agar at 15ºC (    ) and 24ºC (    ). 
 
The 6 isolates obtained from Old and Dudzinski generally performed poorly under all conditions 
(Appendix 2). On PDA all isolates were below the mean except for MP130 and MP131. On V8A 
at 15ºC only MP132 and MP133 were below the mean, but at 24ºC only MP130 was above the 
mean. All 3 Huntly isolates were in slower growing classes, except on V8A at 24ºC when MP126 
was in the fast growing class. 
V8A 
PDA   17
The mean growth rates and range of E. calophylla and E. marginata isolates from Jarrahdale, 
Huntly and Willowdale Alcoa (Aust. Ltd.) minesites are shown in Table 2.3. Generally there were 
small differences in mean growth rates between P. cinnamomi  isolates originating from E. 
calophylla and E. marginata at all cultural conditions (Figure 2.5). The E. marginata isolates from 
Huntly displayed the greatest variation in growth rates in comparison to all the other isolate 
groups under all conditions (Table 2.3). Both E. calophylla and E. marginata isolates from 
Jarrahdale had slightly lower growth rates at all conditions in comparison to those from 
Willowdale. Growth rates of both E. calophylla and E. marginata isolates from Jarrahdale 
doubled on V8A and quadrupled on PDA when 24ºC was compared to 15ºC. However, for 
Willowdale isolates, the difference in growth rate on V8A and PDA between temperature was 
lower over all. There was no correlation (p=0.05) between host origin and growth rate. 
 
Table 2.3 Mean growth rate and range of Eucalyptus marginata and E. calophylla isolates of 
Phytophthora cinnamomi from the Jarrahdale, Willowdale and Huntly minesites (Alcoa of Aust. 
Ltd.) grown on 10% V8-juice agar and potato dextrose agar at 15ºC and 24ºC. The number of 
isolates from each location are given in parenthesis. 
  Growth rate (mm/day) on 
Host  Location  V8A at 15ºC  V8A at 24ºC  PDA at 15ºC  PDA at 24ºC 
E. calophylla  Jarrahdale  (16)       
 Mean±se  9.1±0.4  18.2±0.2 2.5±0.1  10.7±0.3 
 Range    6.4-12.1  15.8-19.5  2.0-3.6  8.7-13.0 
  Willowdale  (10)       
 Mean±se  9.5±0.4  18.7±0.1 3.2±0.3  11.6±0.4 
 Range  8.3-11.6  18.5-19.1  2.2-4.9  9.5-14.0 
  Huntly (1)*       
 Mean±se  8.5±0.6  19.0±0.4 2.1±0.1  10.0±0.1 
  Range 7.3-9.3  18.3-19.6  1.9-2.2  9.8-10.2 
E. marginata  Jarrahdale  (10)       
 Mean±se  8.7±0.4  18.1±0.3 2.6±0.2  10.2±0.5 
 Range  6.6-10.9  16.4-19.7  1.6-3.4  7.5-12.6 
  Willowdale  (27)       
 Mean±se  10.8±0.1  18.5±0.2 3.6±0.1  10.9±0.2 
 Range  9.4-11.7  16.2-20.0  2.4-4.9  9.4-12.3 
  Huntly  (2)       
 Mean±se  6.5±0.2  13.9±0.4 2.7±0.2  7.8±1.8 
 Range  6.3-6.7  13.5-14.3  2.6-2.9  6.0-9.5 
*  Mean ± s.e. and range for 3 replicates of isolate MP103 
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Figure 2.5 Mean growth rate of Eucalyptus marginata (   ) and E. calophylla (   ) isolates of 
Phytophthora cinnamomi on 10% V8 agar and potato dextrose agar at 15ºC and 24ºC. Lines on 
bars represent standard errors. 
 
When the distribution of growth rates of P. cinnamomi isolates originating from E. calophylla and 
E. marginata were compared, some differences were observed (Table 2.4 and Figure 2.6). Of the 
24 isolates from E. calophylla, 18 were below the mean and 8 above at 15ºC on both V8A and 
PDA (Table 2.4). This would probably explain the partial separation of the E. calophylla and E. 
marginata isolates’ growth rates on V8A and PDA at 15ºC (Figure 2.6). While at 24ºC on both 
agar media, a larger proportion of isolates from both hosts were above the mean than below as 
was the case for all isolates from E. marginata under all conditions. Hence the similarity of 
growth rate frequency distributions of isolates from E. calophylla and E. marginata at 24ºC on 
both  agar media. 
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Table 2.4 Number of Eucalyptus calophylla (n=26) and E. marginata (n=37) isolates of 
Phytophthora cinnamomi from the Jarrahdale and Willowdale minesites (Alcoa of Aust. Ltd.) that 
occur below and above the mean for each culture condition. 
  Isolates from 
Culture conditions  E. marginata  E. calophylla 
V8A 15ºC     
Below 8  18 
Above 29  8 
V8A 24ºC     
Below 9  8 
Above 28  18 
PDA 15ºC     
Below 13  18 
Above 24  8 
PDA 24ºC     
Below 15  9 
Above 22  17 
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Figure 2.6 Frequency distribution of growth rates of 26 Eucalyptus calophylla (   )  and 37 E. 
marginata (   ) isolates of Phytophthora cinnamomi from the Jarrahdale and Willowdale minesites 
(Alcoa of Aust. Ltd.) on 10% V8-juice agar and potato dextrose agar at 15ºC and 24ºC. 
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When growth rate frequency distributions of isolates from the Jarrahdale and Willowdale 
minesites (Alcoa of Aust. Ltd.) were compared, some differences were revealed (Table 2.5 and 
Figure 2.7). At 15ºC and 24ºC on both agar media, a greater frequency of Willowdale isolates had 
growth rates above the mean than below. Isolates from Jarrahdale on the otherhand, had a greater 
proportion of growth rates below the mean than above, but only at 15ºC. At 24ºC, Jarrahdale 
isolates had a fairly even number of growth rates that fell below and above the mean. Figure 2.7 
shows that at 15ºC on both agar media the Jarrahdale population was more concentrated towards 
the slower growth rates, while the Willowdale population was concentrated towards the faster 
growers. At 24ºC on both agar media, differences in population distributions were not as large as 
at 15ºC. 
 
Table 2.5 Number of Jarrahdale (n=26) and Willowdale (n=37) minesite (Alcoa of Aust. Ltd.) 
isolates of Phytophthora cinnamomi from Eucalyptus calophylla and E. marginata that occur 
below and above the mean for each culture condition. 
  Isolates from 
Culture conditions  Jarrahdale  Willowdale 
V8A 15ºC     
Below 18  8 
Above 8  29 
V8A 24ºC     
Below 12  5 
Above 14  32 
PDA 15ºC     
Below 21  10 
Above 5  27 
PDA 24ºC     
Below 14  10 
Above 12  27 
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Figure 2.7 Frequency distribution of growth rates of 26 Jarrahdale (    )  and 37 Willowdale (    ) 
minesite (Alcoa of Aust. Ltd.) isolates of Phytophthora cinnamomi from Eucalyptus calophylla 
and  E. marginata on 10% V8-juice agar and potato dextrose agar at 15ºC and 24ºC. 
 
Compared to the isolate mean for each medium, the growth rate of some P. cinnamomi isolates 
were different on V8A and PDA (Table 2.6). The term fast:slow will be used to describe isolates 
that had growth rates on V8A and PDA at each temperature that were above and below the isolate 
mean for each medium at each temperature respectively, while slow:fast describes the opposite 
scenario. Generally, fewer isolates grew slowly on V8A and rapidly on PDA than vice versa at 
both temperatures. These differences were not related to origin of the isolates. Only 5 isolates 
displayed variable growth rates on V8A and PDA at both temperatures, and one of these switched 
from fast:slow at 15ºC to slow:fast at 24ºC. 
 
V8A 
15ºC  24ºC 
PDA 
15ºC  24ºC   22
Table 2.6 Isolates of Phytophthora cinnamomi with variable growth rates on 10% V8-juice agar 
and potato dextrose agar in comparison to the means at 15ºC and 24ºC. Growth rates are the 
means for isolates. 
 
Isolate 
 
Origin
* 
 
Group
# 
Growth rate 
(mm/day)  
 
Isolate 
 
Origin 
 
Group 
Growth rate 
(mm/day)  
No.      at 15ºC on  No.      at 24ºC on 
     V8A  PDA        V8A  PDA 
MU30 JJ  1  7.1 3.4 MP94-22  JW  1  16.2  10.7 
MP91 MJ  1  7.7  3.6  MP98  JJ  1  17.1  12.6 
MP71 MW 1  8.3  3.2  MP100 MJ  1  17.7  10.6 
MP118 MW  1  8.5  3.2 MP94-10 JW  1  17.8  10.8 
MP72 MW 1  9.0  3.7  MP88  MJ  1  18.0  11.2 
MP92 MJ  1  9.0  3.1  MP94-4 JW  1  18.0  10.7 
MP94-20 JW  1  9.4  3.7  MP101  MJ  1  18.0 12.6 
MP134 C  A  1  9.4  3.4 MP94-11 JW  2  18.1  10.2 
MP96 JJ  2  9.8  2.6  MP102 MJ  2  18.2  8.7 
MP112 MJ  2  9.8  2.4 MP131  TT  2  18.2  9.8 
MP27 JJ  2  9.9  2.3  MP94  JJ  2  18.3  10.4 
MP94-37 JW  2  10.2  2.8  MP94-26B JW  2  18.3 9.7 
MP100 MJ  2  10.4  2.0 MP94-12 JW  2  18.3  10.2 
MP131 TT  2  10.5  2.9 MP94-17 JW  2  18.4  9.6 
MP94-3 JW  2  10.6 2.6  M97  JJ  2  18.4  9.1 
MP94-27 JW  2  10.7  2.4  MP115  MW  2  18.4 9.5 
MP111 MJ  2  10.9  2.4 MP94-5  JW  2  18.5  9.6 
MP94-48 JW  2  11.0  2.9  MP86  MJ  2  18.6 9.9 
MP94-33 MW  2  11.1  2.2  MP94-42  JW  2  18.6 10.1 
MP94-15 JW  2  11.4  2.7  MP94-15  JW  2  18.8 10.2 
MP94-17 JW  2  11.4  2.6  MP103  MH  2  19.0 10.0 
MP86 MJ  2  11.5  2.4  MP87  JJ  2  19.1  10.3 
        MP27  JJ 2 19.3  10.2 
        MP96  JJ 2 19.7  9.7 
# Group 1) slow:fast and 2) fast:slow growth rate on V8A:PDA in comparison to mean growth rate 
at 15ºC or 24ºC. 
* Prefix I:  J = Eucalyptus marginata 
               M = E. calophylla 
               C = Casuarina cunninghamiana 
               T = Tasmannia lanceolata 
Prefix II: J = Jarrahdale 
             W = Willowdale 
              A = Barton ACT 
              T = Brown Plains TAS 
              H = Huntly 
 
Table 2.7 shows that isolates also vary in growth rates at different temperatures on V8A and PDA. 
In this case the term fast:slow refers to isolates that had growth rates on each medium at 15ºC and 
24ºC that were above and below the isolate means for each temperature respectively, while 
slow:fast describes the opposite scenario. The majority of isolates grew slower at 15ºC than 24ºC 
on both agar media. Six isolates showed variable growth rates on both agar media, and MP100 
switched from fast:slow on V8A to slow:fast on PDA. 
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Table 2.7 Isolates of Phytophthora cinnamomi with variable growth rates at 15ºC and 24ºC in 
comparison to the means on 10% V8-juice agar and potato dextrose agar. Growth rates are the 
means for isolates. 
 
Isolate 
 
Origin
* 
 
Group
# 
Growth rate 
(mm/day)  
 
Isolate 
 
Origin 
 
Group 
Growth rate 
(mm/day)  
No.      on V8A at  No.      on PDA at 
     15ºC  24ºC        15ºC  24ºC 
MU30 JJ  1  7.1 18.6  MP100  MJ  1  2.0  10.6 
MP97 JJ  1  7.6  18.4  MP88  MJ  1  2.0  11.2 
MP87 MJ  1  8.1  19.1  MP101 MJ  1  2.1  12.6 
MP71  MW  1  8.3 18.5  MP94-33  MW 1  2.2  11.5 
MP119  MW  1  8.3 19.0  MP119  MW 1  2.3  11.9 
MP94 JJ  1  8.4  18.3  MP94-27  JW  1  2.4  11.0 
MP103 MH  1  8.5  19.0  MP112  MJ  1  2.4 11.5 
MP118 MW  1  8.5  19.1  MP80  MJ  1  2.5 11.1 
MP82  MJ  1  8.6 18.9  MP114  MW 1  2.5  10.8 
MP102  MJ  1  8.7 18.2  MP116  MW 1  2.5  10.9 
MP116 MW  1  8.8  18.8  MP94-3  JW  1  2.6 11.3 
MP72 MW 1  9.0  18.5  MP82  MJ  1  2.8  10.8 
MP80 MJ  1  9.0  19.5  MP94-48  JW  1  2.9  12.1 
MP92 MJ  1  9.0  18.2  MP94-42  JW  2  3.2  10.1 
MP115 MW  1  9.3  18.4  MP134  CA  2  3.4 7.9 
MP94-20 JW  1  9.4  19.2  MP91  MJ  2  3.6  10.2 
MP94-10 JW  2  10.1  17.8  MP94-11  JW  2  3.7  10.2 
MP94-37 JW  2  10.2  17.7  MP94-26B JW  2  3.7  9.7 
MP94-22 JW  2  10.3  16.2  MP94-5  JW  2  3.8  9.6 
MP100 MJ  2  10.4  17.7  MP94-12 JW  2  4.3 10.2 
MP94-9 JW  2  10.6 16.2 MP94-9  JW  2  4.6 10.3 
MP111 MJ  2  10.9  17.6           
MP94-4 JW  2  10.9 16.2          
# Group 1) slow:fast and 2) fast:slow growth rate at 15ºC:24ºC in comparison to mean growth rate 
on V8A or PDA. 
* Prefix I:  J = Eucalyptus marginata 
               M = E. calophylla 
                C = Casuarina cunninghamiana 
 
Prefix II: J = Jarrahdale 
             W = Willowdale 
              A = Barton ACT 
              H = Huntly 
 
2.3.2 Effect of media and temperature on colony morphology 
 
The variable growth and phenotype of some of the 72 isolates of P. cinnamomi grown on PDA at 
15ºC and 24ºC are shown in Figure 2.8. At 15ºC, much greater variations in phenotype were 
observed that at 24ºC. 
 
Isolates of P. cinnamomi from E. calophylla had a slightly higher proportion of radial colonies 
and a lower proportion of elaborate colonies (semi-rosette and rosette) than isolates from E. 
marginata (Figure 2.9). When isolates were examined by location, Jarrahdale isolates had a   24
Figure 2.8 Isolates of Phytophthora cinnamomi grown for 12 days on potato dextrose agar at (a) 
24ºC and (b) 15ºC. Morphology of MP126 and MP94-30 were typical of the majority of isolates 
at 24ºC. 
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lower percentage of radial colonies, but a higher percentage of elaborate colonies in comparison to 
Willowdale isolates (Figure 2.10). Overall, colony morphology could not be attributed to the host 
or geographical origin of isolates. 
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Figure 2.9  Proportion of colony morphologies observed on potato dextrose agar at 24ºC for 
Eucalyptus calophylla (   ) and E. marginata (   ) isolates of Phytophthora cinnamomi from the 
Jarrahdale, Huntly and Willowdale minesites (Alcoa of Aust. Ltd.). 
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Figure 2.10  Proportion of colony morphologies observed on potato dextrose agar at 24ºC for the 
Jarrahdale (    ) and Willowdale (    ) minesite (Alcoa of Aust. Ltd.) isolates of Phytophthora 
cinnamomi from Eucalyptus calophylla and E. marginata. 
 
When mean growth rates were compared to colony morphology, it was found that isolates with 
radial colonies had a slightly higher growth rate in comparison to those with elaborate colonies for 
P. cinnamomi isolates from E. marginata (Figure 2.11). Only at 15ºC on V8A for P. cinnamomi 
isolates from E. calophylla was mean growth rate associated with colony morphology.   26
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Figure 2.11 Mean growth rate of Eucalyptus calophylla and E. marginata isolates of 
Phytophthora cinnamomi of radial (    ), semi-rosette (    ) and rosette (    ) colony morphologies. 
 
2.4  DISCUSSION 
 
A number of studies have examined the effect of agar media and temperature on growth rates of 
isolates of P. cinnamomi (Shepherd and Pratt, 1974; Zentmyer et al., 1976; Phillips and Weste, 
1985). Shepherd and Pratt (1974) reported a mean growth rate of 12.25 mm/day for 50 Australian 
isolates at 25°C on V8A. While Zentmyer et al. (1976), using a similar medium, reported a mean 
growth rate of 6.25 mm/day for 32 isolates. The mean growth rate for 187 isolates on PDA at 
25°C was found to be 16.9 mm/day (Zentmyer et al., 1976) and this compared to the growth rate 
obtained by Phillips and Weste (1985). Whereas the 72 isolates in the present study had mean 
growth rates of 18.1 mm/day and 10.5 mm/day on V8A and PDA respectively at 24°C which do 
not compare to the above studies. 
 
E. calophylla 
E. marginata   27
Parts of these differences in growth rate on PDA and V8A are most probably due to variable 
techniques. The study by Zentmyer et al. (1976) used fresh PDA that has been shown to give 
faster growth rates than the commercial PDA used in the present study (Phillips and Weste, 1985). 
Also, the fact that in the present study the depth of agar media was not equivalent is another 
difference between this and the other 2 studies. The depth of medium has been found to affect the 
growth rate markedly (Leonian, 1934, cited in Shepherd and Pratt, 1974). In the present study 
plates were poured by hand as evenly as possible so that the depths were approximately of equal 
depth to avoid replicate variability. The other studies dispensed 30 mL of agar automatically. 
 
Another key difference among the present study and the other studies (Shepherd and Pratt, 1974; 
Zentmyer et al., 1976; Phillips and Weste, 1985) may be the isolation techniques employed. The 2 
most commonly used methods of isolation are baiting with cotyledons of E. sieberi L. Johnson 
(Marks and Kassaby, 1974 cited in Zentmyer, 1980) or plating diseased tissue directly onto 
Phytophthora selective agar medium. Shepherd and Forrester (1977) showed that isolates that 
were baited grew significantly faster than those from direct plating. It was suggested this 
difference was a result of a selective advantage of zoospores producing mycelium with rapid 
growth rates due to the limit of 72 hours imposed on the plating method. This suggestion is 
supported by the study of Shepherd and Pratt (1974) which demonstrated that mycelia were 
frequently variable for growth determinants, whereas zoospores were uninucleate giving rise to a 
range of homocaryotic mycelium. For the plating method, mycelium is produced directly from the 
fungus present in the infected plant material. In the present study, all isolates were isolated using 
the latter method and so the growth rates obtained are true indications of growth variants from the 
field. In the other studies, it has not been detailed which of the techniques of isolation was 
employed. However, it is important that there is some uniformity in isolation among studies for 
comparison purposes. 
 
Part of the differences in growth rates among P. cinnamomi isolates used by the 2 studies 
(Shepherd and Pratt, 1974; Zentmyer et al., 1976) and the present study, may reflect differences in 
techniques used. However, there possibly are differences among the isolates used in all studies. 
This is supported by the different patterns of growth rate frequency distributions observed among    28
the studies. The skew towards the fast side of the growth rate frequency distribution was reported 
by Shepherd and Pratt (1974) on CMA and was confirmed in the present study for both V8A and 
PDA at 24°C. These findings contrast with the normal frequency distribution observed by 
Zentmyer et al. (1976) for 187 isolates on PDA at 25°C. The differences in distributions would 
account for the differences in growth rates among isolates used between the study by Zentmyer et 
al. (1976), and the present study and the study by Shepherd and Pratt (1974). 
 
The study by Zentmyer et al. (1976) found that when growth rates on minimal synthetic medium 
(MM) and PDA at 25°C of isolates of P. cinnamomi were compared at the same temperature, 
individual isolates grew faster on one and slower on the other in comparison to the mean growth 
rate for each medium. This observation was supported by the present study, though perhaps not to 
the same extreme extent. Zentmyer et al. (1976) found that an A1 isolate from macadamia was in 
the slowest growing class on PDA, but had the fastest growth on MM in comparison to the 26 
other isolates. In the present study, it was also demonstrated that on one agar medium, growth 
rates of isolates at 15°C and 24°C varied from each other when compared to the mean growth rate 
at each temperature. These findings indicate that isolates vary in their growth response to 
nutritional factors and that these factors are affected by temperature to different extents for each 
isolate. The agar media and temperature growth relations appear to function differently within 
each isolate. 
 
According to Zentmyer (1980) and Stamps et al. (1990) P. cinnamomi has a distinct rosette 
growth form evident on PDA. In Zentmyer’s (1980) culture collection of 334 isolates from a wide 
range of countries, the rosette phenotype predominated especially for the A2 mating type. This 
conflicts with the present study which found that the radial growth form was in the majority, and 
that those with more elaborate colonies had generally slightly slower growth especially for 
isolates from E. marginata. This difference between studies may be due to differences in agar 
media used. Clearly there needs to be some unification between studies to avoid this. However, 
there may in fact be variability of isolates between studies due to genetic isolation. 
   29
The present study demonstrated that some differences occur in growth rates and colony 
morphology at different temperatures and agar media among isolates. It was shown that these 
differences were not attributable to whether isolates originated from E. calophylla or E. 
marginata, nor to geographical locations. Despite this, frequency distributions of different 
populations of isolates did vary especially at 15°C. Though while frequency distributions differ, 
populations were hardly distinguishable based on their means except for E. marginata isolates 
from Huntly. These differences are most likely due to chance sampling variations and would 
probably even out with a larger number of isolates from each  population. 
 
In the literature there are some discrepancies about whether populations of isolates can be 
distinguished from others based on growth rates. The study by Zentmyer et al. (1976) using 187 
isolates from 24 countries and 59 hosts concluded that there was no association between host or 
geographical origin and growth rates. However, from their study this conclusion is not feasible 
considering that only a few isolates represented a particular population. White (1937, cited in 
Shepherd and Pratt, 1974) reported that wide variation in growth rates occurred among isolates 
from different hosts and regions, but not within populations. The Australian study by Shepherd 
and Pratt (1974) also supported this finding, though they observed variation within regional 
populations as well. This conclusion reached by Shepherd and Pratt (1974) is far more convincing 
than that reached by Zentmyer et al. (1976) because a larger number of isolates within a 
population were sampled. The present study examined populations within the Perth region, so 
isolates were not as widely separated as those studied by Shepherd and Pratt (1974), hence the 
low variability observed. It is a reasonable working assumption that the isolates examined in the 
present study are more closely related than those populations examined in the other study. 
 
Some studies have indicated that A1 and A2 isolates display slightly different growth rates. 
Galindo and Zentmyer (1964) reported that A1 isolates had slightly higher temperature optima 
than A2. On the other hand, Shepherd et al. (1974) observed that A1 and A2 isolates had similar 
optima, but that mean growth rates on CMA of A1 isolates over the temperature range of 15°C to 
30°C was less than for A2 isolates. Zentmyer et al. (1976) reported that A1 isolates had 
significantly slower growth rates on MM at 25°C than for A2 isolates, but that on V8A there was    30
no difference. In the present study, the A1 isolate (MP135) fitted well into the range of growth 
rates obtained for the A2 isolates. Many more A1 isolates would need to be tested to determine if 
differences in growth rates can be correlated to mating type. 
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Chapter 3. PATHOGENICITY TESTING OF Phytophthora 
cinnamomi ISOLATES ON INTACT AND EXCISED 
BRANCHES OF CLONAL Eucalyptus marginata AND NON-
CLONAL TREES 
 
3.1  INTRODUCTION 
 
In the Southwest of Western Australia, E. marginata is a hardwood that is of immense economic 
prominence. This Eucalyptus species has been severely affected by P. cinnamomi. Subsequently 
large efforts have been channeled into selection and micropropagation of resistant E. marginata. 
However, currently these selections are based on the idea that the pathogen does not vary 
considerably in pathogenicity. 
 
Many studies have looked at pathogenicity variation in a wide range of hosts (Zentmyer, 1980; 
Erwin, 1983; Robin, 1993), while only a few studies have used Australian isolates (Podger, 1989; 
Dudzinski et al., 1993). Podger (1989) inoculated peat cores containing 5 susceptible plant species 
with 14 P. cinnamomi isolates from a wide range of hosts and localities in Australia. There was no 
evidence of variability in pathogenicity between isolates possibly because there was great genetic 
variation in hosts and therefore this variation affected the results. Also, too few P. cinnamomi 
isolates were sampled to make conclusive statements on variability. The comprehensive study by 
Dudzinski et al. (1993) convincingly demonstrated that pathogenicity expressed as root damage, 
reduction of plant growth and time of death in different Eucalyptus species and for the 3 different 
E. marginata clones varied among 42 P. cinnamomi isolates. This was the first report using 
genetically unequivocal material showing variation among isolates in their levels of pathogenicity. 
 
Many workers have used stem or trunk inoculations of different plant species as a legitimate test 
for distinguishing susceptibility to P. cinnamomi of plant hosts (Tippett et al., 1985; McCredie et 
al., 1985; Shearer et al., 1987a; Robin, 1992; Shearer et al., 1988). Excised stem inoculations   
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would be a rapid test and would facilitate replication and enhanced susceptibility to shoot in 
comparison to roots. The technique of inoculation of roots in situ would be a tedious process for 
assessing many isolates. Also excised roots are difficult to obtain and vary largely in diameters 
and physiological age (Tippett et al., 1985). The study of Dixon et al. (1984) and Gabor and 
Coffey (1991) assessed susceptibility in excised Banksia stems and avocado shoots respectively 
which were found to produce characteristic lesions in comparison to in vivo experiments. 
 
The present study is concerned with determining whether there is a difference in pathogenicity 
based on growth rates of lesions, extension beyond the lesion margin of the fungus and time until 
the lesion was first observed (lag phase) among 72 P. cinnamomi isolates from E. marginata and 
E. calophylla from the Willowdale, Jarrahdale and Huntly minesites (Alcoa Aust. Ltd.). Another 
of the aims was to develop a rapid test for assessing pathogenicity of isolates using excised lateral 
branches of clonal E. marginata. 
 
3.2  MATERIALS AND METHODS 
 
3.2.1 Inoculation of excised lateral branches of clonal Eucalyptus marginata and non-clonal 
trees 
 
3.2.1.1 Plant material and preinoculation preparation 
 
The pathogenicity testing of all isolates using excised lateral branches was divided into two 
experiments. The first experiment used lateral branches from non-clonal E. calophylla and E. 
marginata, while the second experiment used lateral branches from clonal E. marginata resistant 
line 1JN30 (RR), and susceptible (SS) lines 11JN402 and 11JN379 (Cahill et al., 1993). These 
were all collected from 2-3 year-old trees growing on rehabilitated mines (Alcoa of Australia Ltd.) 
at Huntly in Dwellingup, Western Australia. All leaves were removed at harvesting and the 
branches were transported to the laboratory in moist hessian bags. The two SS clones used were 
half siblings. 
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At the laboratory, non-clonal material was cut into 20.5±0.2cm sections, whilst clonal material 
was cut into 36.4±0.3cm sections. Side shoots and leaf nodes were trimmed as close to the branch 
as possible. The average diameter of the branches was 6.2±0.3mm for E. calophylla and 
6.5±0.4mm for E. marginata. For clonal lines 1JN30, 11JN402 and 11JN379 the mean diameter 
of branches was 9.2±0.7mm, 9.1±0.5mm and 7.5±0.4mm respectively. The branches were treated 
with 70% ethanol to minimise surface contaminants. The freshly cut ends were then covered in 
turn with moist cotton wool and Glad Wrap (Glad products of Australia, NSW) squares (6cm x 
6cm) which were held in place with elastic bands, in order to prevent excessive desiccation of the 
branches. 
 
3.2.1.2 Inoculation procedure 
 
A wound-inoculation procedure modified from Dixon et al. (1984) and Davison et al. (1994) was 
used for both experiments (Figure 3.1). At about the mid point of each branch, a sterile scalpel 
was used to cut a flap approximately 8mm long and 5mm wide through the outer bark without 
damaging the live tissue underneath. A 5mm diameter inoculum disk cut from the margin of a 3-
day-old culture of P. cinnamomi growing on V8A was inserted under the flap and the wound 
sealed with parafilm. Controls were inoculated with sterile V8A disks in a similar manner. 
 
In experiment 1, 72 isolates of P. cinnamomi isolated from E. marginata and E. calophylla were 
screened for pathogenicity, these did not include the tester mating type isolates MP31 and MP74 
(Table 2.1). Experiment 1 was completed in 4 separate trials.  Isolates MP119 and MP125 were 
included as standards for each trial. Each host-isolate combination was replicated 3 times in the 
first trial. In this trial it was observed that lesion lengths varied considerably and therefore in the 
other 3 trials 6 replicates were used.  
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Figure 3.4 Mean growth rates of the standard isolates MP119 (    ) and MP125 (    ) in excised 
lateral branches of non-clonal Eucalyptus marginata in 4 experiment trials. 
 
3.2.2 Inoculation of intact lateral branches of resistant and susceptible 3 year old clonal trees 
of Eucalyptus marginata in the field 
 
The pathogenicity of the 10 P. cinnamomi isolates used in Section 3.2.1 was assessed in the field 
during early December 1994. The average minimum and maximum temperatures recorded during 
this field experiment were 14.3±1.0°C and 30.3±2.0°C respectively. 
 
3.2.2.1 Field site 
 
A plot (100m x 100m) located on a gently North sloping site at the Huntly minesite (Alcoa of 
Australia Ltd)  in Dwellingup, Western Australia was selected (Figure 3.5). This plot contained 6 
different clones of E. marginata planted in June 1991 which varied in their susceptibility to P. 
cinnamomi.  
 
3.2.2.2 Inoculation procedure 
 
Lateral branches of trees were inoculated 50 to 70 mm from the shoot apex end as described 
earlier (Section 3.2.1.2) with the modification that wounds were sealed with plastic tape. For each 
of the 10 isolates, 5 branches on 5 randomly chosen resistant trees (clonal line 1JN30) were 
inoculated. Since susceptible tree clones were very scarce, 2 clones (lines 11JN402 and 11JN379)  
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3.2.3 Inoculation of roots of resistant and susceptible clonal seedlings of Eucalyptus 
marginata 
 
3.2.3.1 Design and operation of an aeroponics system 
 
The aeroponics system resembled that designed by Wagner and Wilkinson (1992) with a number 
of modifications. Components of the system included a root misting chamber (66 x 66 x 60 cm), 
solenoid valve, electronic watering station, and GEWA fertiliser injector (Sage Horticultural, 
Victoria). 
 
The design of the misting chamber is shown in Figure 3.6. The misting chamber had 4 removable 
viewing ports (20cm diameter) constructed of transparent PVC on all sides except for the front 
which had only 2 at the top. Viewing ports were protected with sliding PVC panels which were 
insulated with polystyrene and aluminium foil. Attached to the removable chamber top was a root 
support frame which consisted of 2 layers of plastic mesh spaced 25cm apart (Figure 3.6b ). The 
top layer was 7cm from the chamber top, and held the plants in place. On the chamber top, there 
were 36 holes (4cm diameter) spaced evenly apart in rows. These served as plant ports. 
 
Nutrient solution was supplied through 6 misting jets arranged at the bottom of the chamber in a 
‘U’ shaped pattern. Each arm had 3 misting jets spaced 14cm apart. 
 
The roots were supplied with 0.3% Maxicrop (Kelp Commodities, Victoria) solution for 10 
seconds every 6 minutes. This spray duration ensured that a small droplet always remained at the 
root tip preventing desiccation (Figure 3.7). The nutrient solution was dispensed at each watering 
by the fertiliser injector.   
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inserted into a port in the chamber top. Seedlings were randomly spaced within the 3 aeroponics 
systems. 
 
Seedlings were grown in the aeroponics systems for 7 weeks before inoculation. After the third 
week, roots were severely pruned to encourage new root growth. A 0.3% Maxicrop solution was 
sprayed once daily onto seedling leaves. 
 
3.2.3.3 Zoospore production and inoculation of roots 
 
Zoospores were produced axenically by a slightly modified technique described by Byrt and Grant 
(1979), and Hardham and Suzaki (1986). In brief, 5 small V8A squares were cut from the actively 
growing margin of a colony and inoculated onto a cheese cloth square (5cm x 5cm) on V8A in a 
Petri dish. After 5 days incubation at 24ºC in the dark, the cheese cloth square was transferred to a 
250mL Erlenmeyer flask containing 100mL V8 broth (Hardham and Suzaki, 1986) and shaken at 
100 rpm for 19 hours at 24ºC. The cultures were then washed thoroughly in 3 changes of mineral 
salts solution (Hardham and Suzaki, 1986), suspended in 100mL of this solution and incubated 
under the same conditions as previously but for 24 hours. 
 
The release of zoospores was induced by washing cultures in 3 changes of sterile distilled water 
pre-cooled to 4ºC and then incubating in 10mL of water for 20 minutes at 4ºC. Cultures were then 
incubated at 24ºC for 75 minutes. Zoospore concentrations were determined at this stage by 
counting in haemocytometer chambers (Section 4.2.2.3), and the suspension was adjusted to a 
concentration of 10 zoospores/5µL for inoculation. 
 
Root inoculations were made using 6 or 1 to 3 replicate seedling roots of E. marginata clonal lines 
1JN30 (RR) and 11JN379 (SS) respectively. After root supports were removed from the boxes 
and placed on a bench for easy access to roots, a 5µL drop of zoospore suspension was placed 
slightly above the root tip. Control roots were inoculated with sterile water in a similar manner. 
Seedlings were left for half an hour on the bench to allow encystment and penetration of 
zoospores before returning them to the aeroponic boxes.  
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Lesion extension in roots of each clonal line of E. marginata was followed by measuring lesion 
lengths with a ruler each day for 4 days after inoculation. Roots were removed from the boxes in 
the morning of the fifth day after inoculation, and cut into 5mm sections beginning at the root tip 
and extending for 75mm. These sections were plated sequentially onto P5ARH media and 
incubated in the dark at 24°C. After 3 days, plates were examined for the presence of P. 
cinnamomi hyphae extending from root sections. 
 
3.3  RESULTS 
 
3.3.1 Pathogenicity testing of 72 isolates of P. cinnamomi in excised lateral branches of non-
clonal E. marginata and E. calophylla 
 
Lateral branches of E. calophylla and E. marginata wound-inoculated with mycelium of 72 
different P. cinnamomi isolates produced dark brown to creamy coloured lesions extending in 
both directions from the inoculation point (Figure 3.8a-b). These appeared on average after about 
102 and 158 hours in E. marginata and E. calophylla branches respectively. Lesions on E. 
marginata branches were clearly visible against the vivid green tissue (Figure 3.8a). However, for 
E. calophylla branches lesions were very difficult to observe because of the brown tissue (Figure 
3.8b). It was unfortunately not possible to obtain green branches of similar girth as for E. 
marginata. No lesions were observed on control branches wound-inoculated with sterile agar 
plugs. 
 
Lesions on E. calophylla branches were not observed for 30 isolates of P. cinnamomi (Appendix 
3). Among these were all the 6 isolates from Old’s and Dudzinski’s culture collection. However, 
for all 30 isolates P. cinnamomi was recovered from beyond the inoculation point for a distance of 
between 10mm to 23mm after the last measurement. All 72 isolates produced lesions in E. 
marginata branches (Appendix 3).   
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Generally all isolates had consistently (p=0.05) higher growth rates in E. marginata branches than 
in  E. calophylla branches except for isolates MP62, MP80, MP87, MP91, MP97, MP94-10, 
MP94-22, MP94-27, MP94-37, MP94-47, and MP94-48 that had higher growth rates in E. 
calophylla than in E. marginata. The variability among isolates of growth rates in E. marginata 
and E. calophylla branches were different (p=0.05). Isolates with high lesion growth rates in E. 
marginata and E. calophylla branches did not necessarily have large growth extensions beyond 
the lesion margin (EBL) nor lower times until lesions were observed (lag phase). While for 
isolates with low growth rates, the opposite of isolates with high growth rates was not always true 
(Appendix 3). 
 
The ability of certain isolates to produce lesions early (72 hours) and with rapid progression was a 
reliable means for classifying isolates into pathogenicity groups (Appendix 4). Isolates with these 
characteristics were regarded as pathogenic, while those with the extreme opposite as low 
pathogenic isolates. The number of isolates placed into each category are shown in Table 3.1. No 
isolates displayed high pathogenicity in E. calophylla and low in E. marginata. Also no E. 
calophylla isolates were highly pathogenic in E. calophylla and E. marginata. Generally lesion 
extension in E. marginata always exceeded that of E. calophylla branches except for isolates 
MP62, MP80 and MP94-10 (Appendix 4). 
 
Table 3.1 Groupings of 72 Phytophthora cinnamomi isolates from Eucalyptus marginata,  E. 
calophylla and other plant hosts based on pathogenicity in excised lateral branches of non-clonal 
E.  marginata and E. calophylla.  
   Pathogenicity groupings
# 
Host  Origin  n  1 2 3  4  5 
E. marginata  40  8 13    12  7 
E. calophylla   27   3  18 6 
Other*  5         5 
# Pathogenicity  
  group:  1 = high pathogenicity in E. marginata and E. calophylla 
(Appendix 4)  2 = high and low pathogenicity in E. marginata and E. calophylla respectively   
    3 = low and high pathogenicity in E. marginata and E. calophylla respectively   
    4 = low pathogenicity in E. marginata and E. calophylla 
    5 = intermediate pathogenicity in E. marginata and E. calophylla respectively   
* Isolates from different hosts obtained from Old’s and Dudzinski’s culture collection.  
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When the frequency distribution of P. cinnamomi isolates from E. marginata and E. calophylla 
are examined some considerable differences are observed (Figure 3.9). The range of lesion growth 
rates in E. calophylla branches was lower in comparison to E. marginata branches for isolates 
from E. calophylla. While the contrary was true for isolates from E. marginata. In E. marginata 
branches, growth rates of isolates from E. calophylla were skewed towards the lower growth rates 
in comparison to isolates from E. marginata. The mean isolate growth rate in E. marginata 
branches was significantly (p=0.05) higher for isolates from E. marginata than isolates from E. 
calophylla. In E. calophylla branches, the growth rates of isolates from E. marginata were much 
broader in range in comparison to isolates from E. calophylla. However, the mean isolate growth 
rate in E. calophylla branches did not vary significantly (p=0.05) between isolates from E. 
calophylla and E. marginata. 
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Figure 3.9  Frequency distribution of lesion growth rates of isolates of Phytophthora cinnamomi 
isolated from Eucalyptus calophylla and E. marginata in excised lateral branches of non-clonal E. 
calophylla (   ) and E. marginata (   ).  
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The pathogenicity characteristics of E. marginata and E. calophylla isolates from Huntly, 
Jarrahdale and Willowdale Alcoa (Aust. Ltd.) minesites are shown in Table 3.2. In general, 
growth rates of E. marginata and E. calophylla isolates were higher in E. marginata than E. 
calophylla branches, with the exception of E. marginata isolates from Willowdale which had 
lower growth rates in E. marginata than E. calophylla branches. Also, growth rates of E. 
marginata isolates in E. marginata and E. calophylla branches were higher than the growth rates 
of E. calophylla isolates except for E. marginata isolates from Huntly in E. marginata branches. 
 
The most highly pathogenic group of P. cinnamomi isolates in both E. marginata and E. 
calophylla branches appear to be the E. marginata isolates from Willowdale. These isolates had 
the highest growth rates in E. marginata and E. calophylla branches which were significantly 
(p=0.05) higher than the growth rates of E. calophylla isolates from Jarrahdale and Willowdale 
and E. marginata isolates from Jarrahdale (Figure 3.10). Overall, the E. marginata isolates from 
Willowdale also had one of the highest EBL and the lowest lag phase in E. marginata and E. 
calophylla branches (Table 3.2). 
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Figure 3.10 Mean growth rate of Eucalyptus marginata (   ) and E. calophylla (   ) isolates of 
Phytophthora cinnamomi from the Jarrahdale and Willowdale minesites (Alcoa of Aust. Ltd.) in 
excised lateral branches of non-clonal E. marginata (a) and E. calophylla (b). Lines on bars 
represent standard errors. 
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3.3.2 Pathogenicity testing of 10 isolates of Phytophthora cinnamomi in excised lateral 
branches of  resistant  (1JN30) and  susceptible (11JN402 and 11JN379) clonal Eucalyptus 
marginata 
 
The P. cinnamomi isolates used for pathogenicity testing in excised branches and in the field 
(Section 3.3.3) of resistant and susceptible clonal lines of E. marginata were selected on the basis 
of pathogenicity in excised branches of non-clonal E. marginata and E. calophylla (Table 3.3). Of 
these isolates, 3 were extremely pathogenic in non-clonal E. marginata and E. calophylla 
branches and 3 only in E. marginata branches, while 4 were poorly pathogenic in both hosts 
(Appendix 4). 
 
Table 3.3 Isolates of Phytophthora cinnamomi used in excised branches and in field pathogenicity 
testing of clonal Eucalyptus marginata. 
  Pathogenicity groupings
# 
Host Origin  1  2  3 
E. marginata  MP62, MP94-17, MP94-48  M135, MP94-9  MP96, MP125 
E. calophylla    MP116  MP100,  MP112 
# Pathogenicity 
   group:  1 = high pathogenicity in E. marginata and E. calophylla 
(Appendix 4)  2 = high and low pathogenicity in E. marginata and E. calophylla respectively   
    3 = low pathogenicity in E. marginata and E. calophylla      
 
The growth rates of all P. cinnamomi isolates in the resistant clone (1JN30) were significantly 
(p=0.05) lower than in the 2 susceptible clones (11JN402 and 11JN379). There was no difference 
(p=0.05) in growth rates of all the isolates between the 2 susceptible clones. While this was the 
case for most isolates, there were some exceptions (Figure 3.11a-j). Lesion extension for isolates 
MP62 and MP96 were very similar in clone 1JN30 (RR) and clone 11JN379 (SS), but these 
differed to clone 11JN402 (SS) (Figure 3.11d-e). For isolate MP112, lesion extension did not vary 
greatly among clones (Figure 3.11g). For isolate MP116, lesion in clone 1JN30 (RR) and 
11JN402 (SS) were similar, while in clone 11JN379 (SS) lesion extension resembled that of 
isolates MP94-9, MP94-17, MP94-48, MP100, MP125 and MP135 in clone 1JN30 (RR; Figure 
3.11a-j).  
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Figure 3.11 a-j Mean lesion extension (mm) in excised lateral branches of Eucalyptus marginata 
resistant clonal line 1JN30 (z) and susceptible clonal lines 11JN402 () and 11JN379 (S), after 
underbark wound-inoculation with mycelium of 10 Phytophthora cinnamomi isolates and 
incubation at 24°C. Lines through each point represents the standard error. 
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g  h 
e  f 
i  j  
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The variability in pathogenicity of P. cinnamomi isolates in excised lateral branches of clone 
1JN30 (RR) and the 2 susceptible clones (11JN402 and 11JN379) is shown in Table 3.4. Growth 
rates in clones varied significantly (p=0.05) among isolates for clones 1JN30 (RR) and 11JN379 
(SS), but not for clone 11JN402 (SS). For clone 11JN402, all isolates from E. calophylla had 
significantly (p=0.05) lower growth rates than all isolates from E. marginata, however, there was 
no correlation to the origin of isolation. For the other clones (1JN30 and 11JN379), there was no 
correlation (p=0.05) of growth rates of isolates to either host or location origin. 
 
All isolates were recovered from beyond the lesion margin (Table 3.4). Isolate MP100 and MP62 
had the largest EBL, however, these had the lowest and intermediate lesion growth rates 
respectively. The lag phase was also the longest for isolate MP100. Isolate MP112 had the highest 
growth rate in clone 1JN30 (RR), but its ability to extend beyond the lesion was the lowest. In the 
2 susceptible clones (11JN402 and 11JN379), isolate MP94-9 had the highest EBL despite an 
average lesion growth rate. The lowest and highest lesion growth rate in clone 11JN379 (SS) was 
observed for isolates MP96 and MP94-48 respectively. 
 
3.3.3 Pathogenicity testing of 10 Phytophthora cinnamomi isolates in intact lateral branches 
of resistant and susceptible 3 year old clonal trees of Eucalyptus marginata in the field 
 
The pathogenicity of the 10 isolates of P. cinnamomi in  resistant (1JN30) and susceptible 
(11JN379) clonal lines of E. marginata are given in Table 3.5. No results were obtained for clone 
11JN402(SS) because there were too few replicates for this clone. Lesion lengths in clone 1JN30 
(RR) and 11JN379 (SS) inoculated with the same isolates, were not significantly (p=0.05) 
different. Phytophthora cinnamomi originating from Willowdale produced significantly (p=0.05) 
larger lesions in clone 1JN30 (RR) than isolates originating from Jarrahdale. For all isolates, there 
was no correlation (p=0.05) of lesion lengths to host origin. Isolates MP100 and MP94-48 
produced the significantly (p=0.05) largest lesions in clone 1JN30 (RR) in the field, while in 
excised branches these isolates performed poorly. Isolate MP112 which had the most rapid growth 
rate in excised branches of clone 1JN30, produced only a moderately low lesion length in  
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Table 3.4  Mean growth rate (MGR),  mean extension beyond the lesion margin (EBL) and the 
time until the lesion was observed (lag phase) of 10 isolates of Phytophthora cinnamomi in 
excised lateral branches of Eucalyptus marginata clonal lines 1JN30 (resistant), 11JN402 and 
11JN379 (susceptible) at 24°C.  
Isolate   Mean±se  pathogenicity E. marginata clonal lines 
No. Isolate  origin  characteristics  1JN30  (RR)  11JN402 
(SS) 
11JN379 
(SS) 
MP94-9  E. marginata,  MGR (mm/day)
 #  9.4±3.3 ab  22.9±3.7 a  15.7±5.9 abc 
 Willowdale  EBL  (mm)  16.2±1.2  42.5* 22.5* 
   Lag phase (h)
†  120 42  42 
MP94-17  E. marginata,  MGR (mm/day)
 #  16.8±4.6 ab  19.4±1.8 a  16.7±1.9 abc 
 Willowdale  EBL  (mm)  15* 12.5* 15* 
   Lag phase (h)
 †  71 42  42 
MP94-48  E. marginata,  MGR (mm/day)
 #  8.1±2.8 ab  21.0±6.4 a   28.7±9.1 c 
 Willowdale  EBL  (mm)  17.5* 32.5* 17.5* 
   Lag phase (h)
 †  71 42  42 
MP62  E. marginata,  MGR (mm/day)
 #  12.7±5.6 ab  21.0±6.8 a  17.2* abc 
 Jarrahdale  EBL  (mm)  29.0±3.7  15* 20* 
   Lag phase (h)
 †  71 42  71 
MP96  E. marginata,  MGR (mm/day)
 #  14.9±4.1 ab  25.9±8.3 a  13.2±0.4 a 
 Jarrahdale  EBL  (mm)  18.3±3.3  12.5* 20* 
   Lag phase (h)
 †  71 71  71 
MP100  E. calophylla,  MGR (mm/day)
 #  5.6±1.2 a  13.2±4.2 a  22.7±7.0 bc 
 Jarrahdale  EBL  (mm)  23.3±8.8  15* 12.5* 
   Lag phase (h)
 †  144 42  42 
MP112  E. calophylla,  MGR (mm/day)
 #  19.8±5.6 b  12.9±3.0 a  14.6±3.4 abc 
 Jarrahdale  EBL  (mm)  10.0±2.9  7.5* 7.5* 
   Lag phase (h)
 †  71 42  42 
MP116  E. calophylla,  MGR (mm/day)
 #  15.0±3.9 ab  12.0±3.1 a  13.9±4.0 ab 
 Willowdale  EBL  (mm)  16.7±1.7  25* 15* 
   Lag phase (h)
 †  42 42  96 
MP125  E. marginata,  MGR (mm/day)
 #  14.7±4.4 ab  25.1±5.7 a  21.7±4.5 abc 
 Huntly  EBL  (mm)  15* 25* 12.5* 
   Lag phase (h)
 †  71 42  42 
MP135  E. marginata,  MGR (mm/day)
 #  7.2±1.5 ab  20.2±4.5 a  11.0±5.0 a 
 Kelmscott  EBL  (mm)  15±2.9  15* 15* 
   Lag phase (h)
 †  42 42  42 
* Number of replicates < 3. 
#  Mean growth rates in the same column for a given isolate followed by the same letter do not                    
differ significantly (p=0.05) according to Duncan’s new multiple range test. 
† Values from graphs of lesion extension (Figure 3.11 a-j).  
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Table 3.5  Mean lesion length (MLL) 7 days after inoculation and mean growth extension beyond 
the lesion margin (EBL) of 10 isolates of Phytophthora cinnamomi in intact lateral branches of 
Eucalyptus marginata clonal lines 1JN30 (resistant) and 11JN379 (susceptible) trees in the field. 
Isolate   Mean±se  pathogenicity  E. marginata clonal lines 
No. Isolate  origin  characteristics  1JN30  (RR)  11JN379 
(SS) 
MP94-9  E. marginata, Willowdale  MLL (mm)
 #  28.0±6.1 a  nd 
   EBL  (mm)  8.3±3.3 nd 
MP94-17  E. marginata, Willowdale  MLL (mm)
 #  41.1±3.4 abc  48.1±4.4 a 
   EBL  (mm)  7.5±0.9  10.0±1.4 
MP94-48  E. marginata, Willowdale  MLL (mm)
 #  77.0±7.5 d  nd 
   EBL  (mm)  8.8±1.6 nd 
MP62  E. marginata, Jarrahdale  MLL (mm)
 #  38.1±2.2 abc  nd 
   EBL  (mm)  7.8±1.2 nd 
MP96  E. marginata, Jarrahdale  MLL (mm)
 #  - nd 
   EBL  (mm)  -  nd 
MP100  E. calophylla, Jarrahdale  MLL (mm)
 #  53.7±4.7 c  54.5±7.8 a 
   EBL  (mm)  8.1±1.6  7.0±1.2 
MP112  E. calophylla, Jarrahdale  MLL (mm)
 #  34.4±3.3 ab  nd 
    EBL (mm)  11.1±1.4   nd 
MP116  E. calophylla, Willowdale  MLL (mm)
 #  46.8±5.9 bc  38.7±8.2 a 
   EBL  (mm)  29.5±5.3  15.0±2.9 
MP125  E. marginata, Huntly  MLL (mm)
 #  - - 
   EBL  (mm)  -  - 
MP135  E. marginata, Kelmscott  MLL (mm)
 #  34.0±2.9 ab  nd 
   EBL  (mm)  11.3±0.8  nd 
#  Mean lesion lengths in the same column for a given isolate followed by the same letter do not 
differ significantly (p=0.05) according to Duncan’s new multiple range test. 
- No data. 
nd Not determined.  
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the field in clone 1JN30 (RR). The most pathogenic isolate with regard to EBL in the field for 
both clones was MP116. As in the excised clonal branch experiment, MP116 produced larger 
lesions in the resistant clone than the susceptible clone. The pathogenicity of MP135 was low in 
both the field and in the excised clonal branch experiments. 
 
3.3.4 Pathogenicity testing of 4 isolates of Phytophthora cinnamomi in roots of seedlings of 
Eucalyptus marginata clonal lines 1JN30 (resistant) and 11JN379 (susceptible) in an 
aeroponics system 
 
The 4 P. cinnamomi isolates used in this experiment were selected from the excised clonal branch 
pathogenicity tests on the basis of lesion extension. Isolate MP112 and MP116 were selected 
because of the similarity of lesion extensions in resistant (1JN30) and susceptible (11JN402 and 
11JN379) clones, while isolate MP94-9 and MP100 were selected because of lesion extensions 
being much lower in the resistant (1JN30) clone than in the susceptible  (11JN402 and 11JN379) 
clones.  
 
Roots of clonal E. marginata seedlings were pale brown coloured and only a few centimetres of 
the root tips were white. Consequently it was impossible to visibly measure lesions beyond the 
white regions of the roots (Figure 3.12). This coupled with the low number of replicates used due 
to the shortage of roots, makes this experiment unreliable. However, some simple trends can be 
outlined. 
 
Generally the resistant clone produced smaller lesions than the susceptible clone (Figure 3.13). 
However, for isolate MP116 lesions in clones 1JN30 (RR) and 11JN379 (SS) were very similar as 
was observed in excised branches and in the field (Figure 3.14). For isolate MP94-9 and MP100 
lesions were contained after 96 hours in the resistant clone only.   
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Figure 3.14 Mean lesion extension (mm) in roots of resistant (1JN30 z) and susceptible 
(11JN379 S) clonal 1 year old seedlings of Eucalyptus marginata growing in an aeroponics 
system, following inoculation with zoospores of 3 Phytophthora cinnamomi isolates. 
 
3.4  DISCUSSION 
 
The present study indicated that pathogenicity of P. cinnamomi isolates varied considerably using 
excised branches of non-clonal E. marginata and E. calophylla and clonal E. marginata, and 
intact branches in the field and roots of clonal E. marginata. These findings are in agreement with 
those of Dudzinski et al. (1993) who used clonal E. marginata selected for resistance and 
susceptibility to P. cinnamomi, but contrast to most interpretations of Podger (1989) who used 
wild plant material. However, Podger (1989) showed that 3 isolates were particularly less 
pathogenic to susceptible hosts in comparison to the other 11 isolates tested. Therefore, he 
recommended further sampling of isolates which may reveal evidence of variability. This was 
later established by Dudzinski et al. (1993) who clearly demonstrated that pathogenicity varies 
among P. cinnamomi isolates from a wide range of hosts and locations, and that this could not be 
associated with mating or isozyme type. While the present study agrees with Podger (1989) and 
Dudzinski et al. (1993) that all isolates were pathogenic in their respective plant hosts, it indicated   
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that pathogenicity may be associated with geographical location which has not been reported in 
the other 2 studies. 
 
One important distinction between the study by Dudzinski et al. (1993) and the present one, was 
the criteria used in assessing pathogenicity of P. cinnamomi isolates. The main criteria used by 
Dudzinski et al. (1993) was the death of seedlings, while in the present study it was lesion growth 
rate and EBL. Also the observations in the study by Dudzinski et al. (1993) were based on 49 
days, while in the present study it was usually only 7 days. Further studies need to investigate how 
the pathogenicity designations of isolates determined in the present study using growth  rate and 
EBL as the main criteria compare to the criteria employed by Dudzinski et al. (1993). 
 
The present study showed that pathogenicity was highly variable among isolates of both low and 
high pathogenicity based on the first screen. It also indicated that the pathogenic potential of 
isolates cannot be related to the visible lesions produced alone, but that lesion size as well as EBL 
need to be examined together. This has been observed by Davison et al. (1994) who recovered P. 
cinnamomi from apparently symptomless tissue at least 10mm infront of the lesion margin. 
Similarly O’Gara and Hardy (pers. comm.) observed no visible lesions on stems of E. marginata 
trees inoculated with the fungus in winter, though it was isolated from living tissue. On the basis 
of lesion extension and EBL, it is postulated that there are 4 main pathogenicity groups to which 
isolates can be assigned (Figure 3.15). Pathogenicity groups 1 and 2 produce small lesions and a 
small or large EBL respectively, while groups 3 and 4 produce large lesions and a small or large 
EBL respectively. For example, in clonal excised branches, MP62 had a low growth rate and a 
high EBL which corresponds to pathogenicity type 2. In intact branches of clone 1JN30, MP116 
had a relatively high lesion length and a very high EBL which would be designated as 
pathogenicity type 4. Isolates MP100 and MP94-48 in intact branches of clone 1JN30 in the field 
were of pathogenicity type 3. These isolates had significantly longer lesions than MP116, but had 
a much lower EBL. But, when the EBL and lesion length are considered together, the pathogenic 
potential of MP116 appears to be similar to isolates MP100 and MP94-48. This raises the 
hypothesis that under field conditions these isolates would have a similar pathogenic potential. An   
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experiment in which seedlings are wound inoculated and the time until death recorded would 
either support or reject this hypothesis.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.15 Relative visible lesion length (    ) and growth extension beyond the lesion margin 
(   ) in excised and intact lateral branches of clonal Eucalyptus marginata for 4 proposed 
pathogenicity groups to which Phytophthora cinnamomi isolates can be assigned. Only half of the 
branch extending beyond the point of inoculation (  ) is shown. Lesion length and growth 
extension beyond the lesion are not shown to scale. 
 
The interpretations of EBL in the excised branches of clonal and non-clonal material needs to be 
approached with some caution unlike the EBL for intact branches. The EBL was determined after 
the last visible lesion measurement when stems were probably more susceptible due to the dying 
process of the branch tissue. Isolates with long lag phases may  have shown either high biotrophic 
behaviour or simply had a low capacity to initiate a colony. To test this, EBL would need to be 
measured during the early infection process and throughout the experiment using the technique 
described in Section 3.2.1.3. Lesion length and EBL would need to be measured at the same time. 
This would require many more excised branches due to destructive sampling every few hours. 
Isolates with high biotrophic behaviour would be found to extend beyond the visible lesion by a 
Pathogenicity  
type 
1 
2 
3 
4 
Phenotypic expression  
 
59
 
larger length and the time until lesions appeared would be longer delayed than for low or non-
biotrophic interactions. 
 
Against most isolates, the designated susceptibility of non-clonal and clonal plants was confirmed. 
Fewer and smaller lesions were produced in excised E. calophylla than in non-clonal E. 
marginata for most isolates. Tippett et al. (1985) showed that wound inoculation used to assess 
susceptibility of Eucalyptus species reflected field susceptibility. Similarly, the results in the 
present study reflect the field resistance of E. calophylla and the susceptibility of E. marginata. In 
excised clonal branches, only 4 of the 10 isolates produced lesion extensions (mm) in 1JN30 (RR) 
that were almost identical in at least one susceptible clone (11JN402 and 11JN379). Clones 
11JN402 and 11JN379 (SS) have been shown to produce low levels of lignin and phenolic 
compounds, while 1JN30 (RR) produced larger concentrations of these compounds (Cahill et al., 
1993). These differences between susceptible and resistant clones have been associated to 
differences in susceptibility to P. cinnamomi in field and pot trials (McComb et al., 1994; Stukely 
and Crane, 1994) with susceptible clones being significantly more susceptible than the resistant 
clone. This suggests that the 4 isolates in the present study may be able to overcome the resistant 
mechanisms of  the 1JN30 clone (RR). In the field experiment, this hypothesis was neither 
supported nor disproved, indicating that more work needs to examine if the 4 isolates are more 
pathogenic than the others. 
 
In the field experiment, no difference was evident between the resistant and susceptible clones. 
The lack of differences observed in the field may reflect the smaller stature of susceptible trees 
and therefore some physiological effect (discussed later), as opposed to the resistant trees which 
were usually larger and more vigorous. In the root experiment, no large differences were found 
between susceptible and resistant clones which contrasts to the findings by Cahill et al. (1993). 
The differences between the present study and that of Cahill et al. (1993) may reflect the 
differences in techniques.  
 
The results in the present study are a cause for some concern because in the study by Dudzinski et 
al. (1993) there was no indication that some isolates have the ability to overcome the resistant   
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mechanisms of the resistant clone. One of the problems with studies screening for resistance is 
that these have used few isolates (McComb et al., 1987; Phillips et al., 1991; Cahill et al., 1992; 
Cahill and McComb, 1992; Bennett et al., 1993; Cahill et al., 1993; McComb et al., 1994; Stukely 
and Crane, 1994). In the light of the results in the present study, the label of resistance should be 
designated against the isolate used and not P. cinnamomi as a whole. Consequently clones should 
be screened against more P. cinnamomi isolates. The recent field study by Stukely and Crane 
(1994) where clonal E. marginata seedlings exposed to a natural population of P. cinnamomi 
reflected their designations of susceptibility is encouraging. But, isolates of the kind used in the 
present study may not have been present at the field site of Stukely and Crane (1994), since the 
present study suggests that population groups of P. cinnamomi can vary significantly (p=0.05). 
 
It was found that Willowdale isolates were significantly (p=0.05) more pathogenic than other 
population groups both in non-clonal excised branches and in intact clonal branches in the field. 
Though in clonal excised branches there was no evidence of this. Whether these differences in 
pathogenicity reflect that groups do differ cannot be determined. Further work using RAPD-PCR 
analysis may reveal differences between the Willowdale isolates in comparison to other 
populations groups (Section 6). 
 
The comparison of isolate grouping in the clonal excised branch experiment to the field and root 
experiments was limited. Rankings of the 3 isolates (MP94-17, MP100 and MP116) in the field 
agreed with those obtained in excised branches for clone 11JN379, and lesion extension of 
MP116 in roots of clone 1JN30 remarkably resembled lesion extension in excised branches of 
clone 1JN30. But there was little comparison between isolate groupings in excised branches and 
in the field for clone 1JN30. For instance, in clone 1JN30 it was found that isolates MP100 and 
MP94-48 displayed low pathogenicity in excised branches while in the field the isolates were 
highly pathogenic. On the other hand, isolate MP112 was the most highly pathogenic in excised 
branches, but this isolate had a low pathogenicity in the field. This suggests that some other 
factors are affecting the host-pathogen interaction in the field or that the physiology of the 
branches is altered when cut from the trees. Possibly these isolates are less thermosensitive. This 
will be tested in the future by reexamining growth relations of all 10 isolates at a greater range of  
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temperatures extending from 24°C to about 35°C. Also the clonal excised branch pathogenicity 
testing at temperatures corresponding to those in the field would confirm this hypothesis. 
 
A number of studies have shown that interactions between P. cinnamomi and different plant hosts 
vary with season (Tippett et al., 1985; Matheron and Mircetich, 1985; Robin et al., 1994). In E. 
marginata lesion extension in stem and roots that were wound-inoculated with the fungus have 
been reported to be greatest during the summer (Tippett et al., 1989; Shearer et al.,1988). 
However, during spring tissue invasion has been found to be more extensive than autumn 
(Davison et al., 1994). This may have been revealed in the pathogenicity screening of 72 isolates 
in the present study that began in early spring and finished mid summer. It was found that the non-
clonal  E. marginata material obtained for each consecutive trial became progressively more 
susceptible to the standard isolates (MP119 and MP125) used over the entire duration of the 
experiment. Unfortunately it was not possible to screen all isolates at the same time because of the 
large number tested. However, changes in host responses to MP119 and MP125 highlights the 
need to take host physiological status into account when developing any technique for screening 
for resistance and susceptibility. 
 
Another factor that plays a role in the host-pathogen interaction is temperature (Zentmyer, 1980; 
Grant and Byrt, 1984; Shearer et al., 1987b). The 2 later studies showed that at 28°C the fungus 
spread was optimal, while at 14°C spread was restricted in E. marginata roots. Shearer et al. 
(1987b) reported that in winter lesions predicted in excised roots compared to lesions observed in 
the field. However, in summer there was a divergence between the 2 experiments even though 
lesion extension was greatest at these temperatures in excised branches. This may explain the poor 
analogy between field and clonal excised branch  experiments for clone 1JN30 in the present 
study. It was suggested by Shearer et al. (1987b) that such difference may have been due to the 
tissue physiological status affecting its resistance. 
 
The study by Halsall (1983) demonstrated that E. maculata and E. pilularis seedlings growing on 
low levels of nitrogen and phosphorous were more susceptible to P. cinnamomi than when 
nutritional conditions favoured vigorous growth. This also needs to be taken into consideration in   
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future studies. Most studies examining susceptibility of clonal trees to P. cinnamomi have used 
seedlings (Bennett et al., 1993; Cahill et al., 1993; Dudzinski et al., 1993; McComb et al., 1994; 
Stukely and Crane, 1994). In the present study, clonal material used was 3 years old. Possibly 
resistance mechanisms change with physiological age. This hypothesis requires further 
investigation. 
 
In order to make conclusive statements on the relative pathogenicity of isolates, further studies 
need to examine the seasonal and temperature effect on isolates, hosts and isolate-host 
interactions. The field and root experiments should be conducted again in winter to observe these 
effects on the pathogenicity of isolates. A comparison between the excised branch and field 
experiments would be better facilitated if the actual temperature encountered by the host-pathogen 
interaction was measured by placing temperature probes into trees. It has also been shown that the 
water status of trees affects the growth rates of P. cinnamomi in the secondary phloem of E. 
marginata (Tippett et al., 1987). Trees with the largest water  deficits are least susceptible to 
invasion by the fungus. This finding should also be taken into account in future experiments. 
Since the plant material for clonal excised branch experiments was obtained from 2 different sites 
at Huntly and the fact that susceptible trees were generally smaller, the water status of trees may 
have had some impact on the results in the present study. 
 
The entire process of inoculating roots in an aeroponics system is novel and so there was much 
potential for errors particularly because of the time constraints this study was tied down to.   
Nevertheless the trends obtained in the pilot run were encouraging. A number of key changes will 
need to be made to ensure validity of the results. Firstly, the seedlings placed into the aeroponics 
had been left in small pots for a long time and thus did not have actively growing roots. Active 
root growth will be induced in root trainers for 4 to 5 weeks in the next run. Alternatively, 
seedlings of a much younger age may be obtained. Once introduced into the boxes, seedling roots 
will be pruned more often to encourage the growth of larger numbers of roots per seedling and to 
synchronise root growth of equal lengths. If it is still found that only a small portion of the root 
tips are white, then it may be better to harvest a number of seedlings every day after inoculation. 
Roots would then be cut into sections and plated sequentially onto selective agar media, and in   
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this way lesion extension of the fungus could be followed. For inoculation, seedlings need to be 
removed from the boxes and left on the bench for half an hour for zoospore encystment on the 
roots, and thus were exposed to dry and hot conditions in the pilot run. In the next run seedlings 
should be inoculated on a cooler day or inoculation attempted through the viewing ports. 
Although the latter suggestion would be difficult to carry out as roots in the middle of the 
aeroponics system cannot be reached easily and the inoculation procedure itself is a delicate 
process. Perhaps the aeroponic system could be designed such that all sides could be removed. 
Despite the problems encountered in the pilot study, the results obtained have raised a number of 
important questions and this methodology has the potential of answering them.   64
Chapter 4. MATING TYPES AND CLASSICAL TAXONOMY 
 
4.1  INTRODUCTION 
 
Variability within and among species have made it exceedingly difficult to delineate species 
within the Phytophthora genus based on morphological characters (Erwin, 1983). A number of 
widely used taxonomic characters include descriptions and dimensions of gametangia, sporangia 
and chlamydospores (Stamps et al., 1990). Large advances are being made using protein and 
enzyme patterns, serology and electron microscopy and these may ultimately provide new 
criterion for taxonomy (Zentmyer, 1983; Waterhouse et al., 1983; Stamps et al., 1990). However, 
morphological characters still serve as the primary basis of identification (Waterhouse et al., 
1983; Ho and Zentmyer, 1977). 
 
The identification of P. cinnamomi in comparison to other Phytophthora species is relatively 
simple (Zentmyer, 1980). Key features of this species include corraloid hyphae, hyphal swellings 
and terminal and intercalary chlamydospores, large and uniform non-papillate sporangia, and its 
heterothallic nature (Zentmyer, 1980; Ho and Zentmyer, 1977). 
 
Some of the P. cinnamomi isolates isolated from E. calophylla used in this study were previously 
observed to produce unusual shaped sporangia in comparison to isolates from E. marginata 
(O’Gara and Hardy, unpublished). The present study is concerned with reexamining some of these 
E. calophylla and E. marginata isolates for a range of taxonomic characters, as well as mating 
type and zoospore production. This will determine whether these 2 isolate groups differ 
substantially from one another and whether they conform to the descriptions of P. cinnamomi.  
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4.2  MATERIALS AND METHODS 
 
4.2.1 Determination of mating types 
 
Mating type was determined for all isolates by pairing unknown isolates individually with isolates 
of known A1 (MP31) and A2 (MP74) mating type. The origin of the 2 tester isolates is shown in 
Table 2.1 (Section 2.2.1). The pairings were made by placing a 5mm diameter inoculum disk of an 
A1 or A2 isolate 1cm in from the margin of a 9cm diameter V8A Petri plate, and an inoculum disk 
of the unknown isolate placed on the opposite side of the dish 1cm from the edge. Plates of the A1 
and A2 isolates were prepared in duplicate for each unknown isolate. The crosses were incubated 
in the dark at 24ºC for 10 to 14 days, and then examined microscopically for oogonia and oospore 
formation. Isolates producing abundant oospores with MP31 but not MP74, were designated as an 
A2 mating type, while those reacting with MP74 but not MP31 were classed as an A1 mating type. 
 
4.2.2 Morphology of vegetative and sexual structures 
 
In order to positively identify the 10 isolates used in the clonal E. margianta pathogenicity testing 
in vitro and in vivo (Section 3) as P. cinnamomi, measurements and descriptions of gametangia, 
sporangia, zoospores and chlamydospores were recorded. These characteristics were then assessed 
against the tabular key to the species of Phytophthora (Stamps et al., 1990). 
 
4.2.2.1 Morphology of gametangia 
 
The 10 isolates were paired with the opposite tester mating type isolate following the same 
procedure and conditions described previously (Section 4.2.1). Plates were prepared in 
quadruplicate. After 14 days incubation, an agar scrapping was taken from an area observed to 
contain gametangia, mounted on a slide, gently squashed, and examined at 1000 times 
magnification. Gametangial descriptions and measurements were recorded for 30 randomly 
selected mature oogonia. For each oogonium, the diameter of the oogonium and oospore, and the    67
sterile water. The strands were carefully teased apart with scalpel blades and then mounted and 
examined at 400 times magnification. The length and width of 30 randomly selected primary 
sporangia were measured and the length:breadth ratio calculated. Also the shape of each 
sporangium (Figure 4.2) and whether these were papillate or non-papillate was noted. For the 
dehisced sporangia, the width of the sporangial exit pore was measured. 
 
4.2.2.3 Quantification of zoospores 
  
The production of zoospores was carried out as described in Section 3.2.3.2. Zoospores were 
produced in two separate batches for each isolate. From each batch, 5 zoospore samples of 
0.25mL were taken and mixed with 10µL of Potassium Iodide-Iodine (IKI; Jensen, 1962) in 
1.5mL Eppendorf tubes to induce encystment of zoospores. All glassware, tubes, and pipette tips 
were soaked in 0.2M HCl and then rinsed with DI water the following morning to eliminate 
encysted zoospores from sticking to these surfaces. Zoospores were quantified using a 
haemocytometer. Zoospores were counted within a 1mm square or touching the upper and left-
hand borders of the square over the entire 9 squares at 100 times magnification. For each sample 
both counting areas of the haemocytometer were filled. The total zoospore yield for each isolate 
was calculated using the following formula. 
 
Total zoospores = AV x DF x 10
4 x OV 
where  AV = average number of zoospores in one 1mm square 
  DF = dilution factor = 1.04 
  OV = original volume from which zoospore sample was taken (mL) = 10mL 
 
4.2.2.4 Chlamydospore diameters 
 
The diameters of 30 randomly chosen chlamydospores on inverted Petri dishes were measured at 
200 times magnification. The cultures used for the measurements were 14-days-old grown on 
V8A at 24°C in the dark.   69
4.3  RESULTS 
 
4.3.1 Mating types 
 
All isolates produced gametangia after 14 days when paired with the A1  tester isolate, except for 
MP135 which formed gametangia with the A2 isolate. Oogonia were usually found in localised 
patches at the margin of the 2 colonies on the edge of the plate, but there were very few 
observations at the centre of the colony (Figure 4.3). None of the isolates displayed homothallic 
properties by producing oogonia with the tester isolate of the same mating type. Only MP132 (a 
known A2) failed to produce oogonia with the A1 strain despite 2 attempts. Although it formed a 
small number of oogonia after one month when paired with another A1 isolate (MP135). Isolate 
MP94-19 also produced few oogonia after 1 month when paired with MP31 (A1). 
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Figure 4.3  Oogonial patches observed in pairings of unknown isolates with A1 or A2 mating 
type isolates. a, Common; b, occasional position for gametangia. UI, unknown isolate; HI, A1 or 
A2 heterothallic isolate inoculum; M, margin between the isolates. 
 
4.3.2 Morphology of gametangia 
 
Oogonia of all isolates were spherical, golden brown coloured and markedly plerotic. All oogonia 
examined had an amphigynous antheridia which enveloped the oogonial stalk (Figure 4.4). 
However, a small proportion of oogonia of some isolates had paragynous as well as amphigynous 
antheridia and almost half of these oogonia, had multi-paragynous antheridia (Table 4.1, Figure 
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A summary of sporangial descriptions and dimensions of isolates is shown in Table 4.2. In general 
there was wide variability in sporangial shape and size both between and within isolates which did 
not correlate (p=0.05) to host or geographical origin (Figure 4.6). The L:B ratio and pore size 
were found to be significantly (p=0.05) different among isolates. The 2 isolates from E. 
marginata, MP62 (Jarrahdale) and MP125 (Huntly), in particular had unusual shaped sporangia in 
comparison to the other isolates (Figure 4.6, Table 4.2). Generally sporangial shapes ranged from 
ellipsoidal to ovate, with a higher percentage of isolates having the former. 
 
The mean length of sporangia ranged from 48.8±1.2µm (MP135) to 69.8±1.9µm (MP116), and 
the mean width from 31.9±0.8µm (MP125) to 38.6±0.8µm (MP94-48). Three isolates (MP62, 
MP116 and MP125) had predominately elongated sporangia with L:B ratios of 1.84, 1.82 and 
1.81 respectively. The lowest ratio of 1.42 was obtained for MP112. Sporangial openings also 
varied considerably ranging from 9.5±0.4µm (MP62) to 12.7±0.5 (MP125). Both these extremes 
were shared by 2 of the elongated sporangia. Intercalary proliferation was only observed for 
isolates MP62 and MP116. For one isolate (MP125), direct germination of the sporangium by 2 
germ tubes was observed (Figure 4.6s) 
 
4.3.4 Quantification of zoospores 
 
All isolates produced motile zoospores. There was wide variability in zoospore yield between 
isolates which did not correlate with sporangial size nor host or geographical origin (Figure 4.7).  
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Figure 4.6a-w Variability in sporangial morphology of 10 Phytophthora cinnamomi isolates. All 
isolates are of A2 mating type except MP135 which is an A1 mating type. a. MP94-9. b-c. MP94-
48. d. MP94-17. e-g. MP62. h-i. MP96. j-l. MP100. m-n. MP112. o-s. MP125. t-u. MP135. v-w. 
MP116. Bar represents 20µm.  76
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Figure 4.7 Mean zoospore yield in 10mL for 10 isolates of Phytophthora cinnamomi. Lines on 
bars represent standard errors. Means with the same letter above bars do not differ significantly 
(p=0.05) according to Duncan’s new multiple range test. 
 
4.3.5 Morphology of chlamydospores 
 
Chlamydospores were formed by all isolates. These were spherical ranging from 41.7±1.4µm 
(MP94-48) to 47.2±1.1µm (MP112) diameter and were produced terminally and singly or in small 
clusters. The diameters between isolates was found to be significantly (p=0.05) different, but 
variability was minimal (Figure 4.8). No intercalary chlamydospores were observed as Ho and 
Zentmyer (1977) did. All isolates produced hyphal swellings. These were very similar to 
chlamydospores with the distinction that chlamydospores were larger and separated by a septum. 
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Figure 4.8 Mean diameters of chlamydospores of 10 isolates of Phytophthora cinnamomi. Lines 
on bars represent standard errors. Means with the same letter above bars do not differ significantly 
(p=0.05) according to Duncan’s new multiple range test. 
 
4.4  DISCUSSION 
 
In this study, unknown isolates were all found to be of A2 mating type, except for MP135 
(Kelmscott) which was confirmed to be an A1 mating type. Only one of the isolates did not form 
oogonia with the  tester A1 type (MP31), though it formed oogonia in small numbers with another 
A1 (MP135). Another isolate (MP94-19) also formed few oogonia after a long incubation period 
with MP31. Some isolates were observed to produce abundant oospores, while others formed few. 
 
The present study indicates that the A1 mating type is rare in the Jarrahdale, Huntly and 
Willowdale areas. Other studies have also demonstrated that the A2 type is the more common type 
in Australia (Pratt et al., 1972a; Shepherd et al., 1974; Zentmyer, 1983). It is highly unlikely that 
sexual reproduction involving both A1 and A2 strains is common in these areas, despite the 
variability observed amongst the A2 isolates. 
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The results of intraspecific matings of P. cinnamomi have revealed that isolates display 
differences in mating competence (Galindo and Zentmyer, 1964; Pratt et al., 1972a; Chang et al., 
1974; Shepherd and Cunningham, 1978). These observations have been confirmed in the present 
study. The reports of Chang et al. (1974) and Shepherd and Cunningham (1978) indicated that the 
production of gametangia was affected by the characteristics of the isolates used in pairings. 
However, low numbers or inability to produce gametangia in the present study may also be due to 
storage of cultures for long periods, particularly for those isolates which have been in the culture 
collection for 2 years (isolates with codes that do not begin with the prefix MP94-). Such a 
phenomenon was reported by Ann and Ko (1994) of a P. insolita isolate. Whether this analogy 
can be drawn for P. cinnamomi  needs to be determined. To test this hypothesis, cultures with low 
mating competence could be inoculated onto E. marginata seedling hosts for a number of weeks 
and then reisolated, and reexamined for gametangia production. 
 
This is the first known report of the occurrence of single or multiparagynous antheridia in the 
presence of amphigynous antheridia in P. cinnamomi (Pers. comm. Hardy and Wilkenson). No 
multiple oospores were observed in these interactions indicating that only one antheridium was 
involved in the sexual process. There is some evidence from this study that paragynous antheridia 
were sometimes involved in the sexual process because penetration tubes were observed 
extending into the oogonium. In these cases, the amphigynous antheridium were usually very 
small and appeared to be non-viable. However, in most cases it appeared that the amphigynous 
antheridium was involved in sexual reproduction and the paragynous antheridia were non-viable. 
Further research needs to examine if these conclusions are justified by observing the entire sexual 
process. 
 
Since P. cinnamomi is heterothallic and bisexual (Galindo and Zentmyer, 1964), it is not really 
possible in the present study to determine whether the oogonia were formed by the A1 isolate and 
the antheridia by the A2 or vice versa or a combination of both. All gametangia formed at the 
junction line indicating that no selfing of the A2  isolate had occurred as reported by various 
researchers. Furthermore, cultures were not exposed to a specific chemical stimulus that have 
been shown to induce selfing (Zentmyer, 1980). As to which mating type formed what sexual 
structures it appears that the paragynous antheridia were formed by the A2 isolate because they   79
were not observed for all isolates. Since there were large variations in antheridia it seems that the 
A1 isolate also formed antheridia. Thus indicating that a true bisexual interaction was observed for 
each of the dual pairings. However, more convincing evidence is required to substantiate these 
claims. This could be tested by tracing oogonial and antheridial hyphae to their isolate origin, as 
used by Galindo and Zentmyer (1964) to demonstrate that both types were involved in the sexual 
process. 
 
The distribution of sexual structures has been widely neglected in the literature. Chang et al. 
(1974) and Shepherd and Cunningham (1978) reported a bilateral production of gametangia. In 
the present study, gametangia were bilaterally distributed, but occurred in localised patches at the 
junction line. Very few oospores were observed along the entire junction line. Similar patterns of 
gametangial patches have been described by Shepherd and Cunningham (1978) and in particular, 
Brasier  et al. (1993) using P. gonapolyides, though these were distributed unilaterally. The 
reasons for the attraction of oogonia formation to the Petri dish edge are not known. 
 
The isolates in the present study conform with published descriptions of P. cinnamomi 
(Gerretson-Cornell, 1989; Stamps et al., 1990; Pan et al., 1994). The variability observed in 
gametangia, sporangia and zoospores, and chlamydospores was significantly (p=0.05) different 
among isolates. This difference was generally not attributable to host (E. calophylla or E. 
marginata) or geographical (Jarrahdale or Willowdale Alcoa of Aust. Ltd minesite) origin. Some 
studies using other Phytophthora  species have shown that variation can be attributed to 
geographical (Liew and Irwin, 1994; Mchau and Coffey, 1994) or host origin (Oudemans et al., 
1994). In this study, such conclusions are not warranted. Variation in the characters tested appears 
to be related to isolate variability alone. 
 
Some reports in the literature suggest that oospore sizes vary between isolates of  P. cinnamomi. 
Ashby (1935, cited in Zentmyer, 1980) observed that Rand’s and White’s culture had a mean of 
29µm and 31.9µm respectively, while other isolates had considerably larger oospore diameters 
with an average of 39µm. In the study by Shepherd and Cunningham (1978) several isolates 
formed abnormally small oogonia, but could not be separated from the other isolates based on any 
other taxonomic characteristics. Their study also concluded that geographical groups of isolates   80
could not be distinguished. Such large differences in oogonial and oospore dimensions for the 10 
isolates examined here were not observed compared to the sizes used to delineate P. cinnamomi 
from other Phytophthora species in taxonomic keys (Stamps et al. 1990; Gerretson-Cornell 1989).  
The data suggested that isolates from different hosts and geographical groups could be 
distinguished, however, because these differences were small they may not be useful for practical 
taxonomy. A much larger range of isolates from each population group would need to be tested to 
conclude that oospores and oogonia size correlate to plant host and geographical origin. 
 
The largest variation among isolates in the present study was in sporangial dimensions and shapes 
and not gametangia and chlamydospores. A wide range of sizes have been reported (Zentmyer, 
1980). Sporangia range from 15µm to 122.9µm long and 11µm to 71.4µm wide with means of 
43.6µm to 75µm long and 25.9µm to 47µm wide. These differences reflect the variable conditions 
for their production (Zentmyer, 1980). The shapes and dimensions reported in the present study 
may also reflect variability between treatments of isolates, though it was ensured that each isolate 
was treated similarly. Clearly if sporangia are going to be compared between studies and for 
taxonomic designations, a standard technique of sporangia production needs to be adopted by 
researchers. 
 
Many studies have attempted to look at sporangial differences between A1 and A2 mating type 
isolates (Ho and Zentmyer, 1977; Galindo and Zentmyer, 1964; Shepherd et al., 1974). Wide 
discrepancies occur in the literature for sporangial dimensions and shapes of A1 and A2 mating 
type isolates. For instance, Ho and Zentmeyer (1977) reported that the A2 were predominately 
limoniform shaped (narrow ellipsoid as MP62) and A1 isolates were primarily obpyriform shaped. 
The Figure for the A1 isolate in their paper, however, appears to be ovate shaped not obpyriform 
as they stated. Shepherd et al. (1964) claimed the opposite to these authors. One key problem with 
all these studies, is that only a few isolates (1 to 2) for each mating type were examined. While in 
the present study only one A1 isolate was used, it tends to be similar to the A2 isolates unlike the 
above studies. Many more isolates of both types need to tested, but it is postulated that the 
differences observed within the two mating types may be far greater than between the two types, 
such that differences in sporangia can not be attributed to mating types alone, but rather to other 
genetic factors.    81
 
There have been no reports on the ability of different isolates to produce zoospores in vitro. The 
results in the present study showed that isolates varied considerably in their ability to produce 
zoospores. Zoospore yield could not be correlated to sporangial size. For instance, the 2 isolates, 
MP116 and MP135, with the highest zoospore yields, produced the largest and smallest sporangia 
respectively. Despite this, variability between trials was also large as demonstrated in the present 
study and by O’Gara (unpublished). Considering that the whole process of zoospore production 
takes 3 days, factors such as time of incubation, temperature and light would play crucial roles in 
total yields between trials. Light in particular has been found to drastically enhance sporangium 
production and hence zoospore yield (O’Gara, unpublished). Since so many isolates were tested, 
the distances between the cultures and the light source on shakers varied. To avoid this effect, the 
experiment should be repeated at least 10 times and each time cultures rotated to a different 
position under the light source. Alternatively, a light source with a greater surface area should be 
installed.  
 
While the scope of the present study has concentrated on mating types, zoospore yields, and 
morphological differences in sporangia, gametangia and chlamydospores, it must be noted that 
these are limited only to in vitro conditions where the environment was kept as constant as 
possible. However, under in vivo conditions isolates would be exposed to greater environmental 
extremes and the characters displayed by isolates would most probably be entirely different. This 
could be examined in a further study.   82
Chapter 5. LIFE HISTORY CHARACTERISTICS IN 
RELATION TO PATHOGENICITY 
 
5.1  INTRODUCTION 
 
Many studies have investigated variation in morphology (Shepherd and Pratt, 1974; Shepherd and 
Cunningham, 1978; Phillips and Weste, 1985; Robin, 1993) and pathogenicity (Zentmyer, 1980; 
Erwin, 1983; Podger, 1989; Dudzinski et al., 1993) among isolates of P. cinnamomi, however 
there have been no reports of an integration of these characteristics. A study of this nature has 
been carried out using 81 cultures of P. nicotianae (Hall, 1993). In this study morphological, 
physiological, biochemical and pathological phenotypes were examined. It was found that there 
was no association of clusters based on the former 3 characteristics and pathological 
characteristics determined on tobacco and tomato. 
 
In the present study, relationships among isolates of P. cinnamomi based on morphological, 
physiological and pathological characteristics were examined by clustering isolates using 
UPGMA (Sneath and Sokal, 1973) linkage. The study aimed to determine whether particular 
groups of P. cinnamomi isolates originating from E. marginata and E. calophylla could be 
distinguished either morphologically or pathologically or both from one another. 
 
5.2  MATERIALS AND METHODS 
 
5.2.1 Data analysis 
 
Phenotypic analysis were carried out on the 72 P. cinnamomi isolates (analysis 1) used in agar 
studies (Section 2) and non-clonal E. marginata and E. calophylla pathogenicity screening in 
excised branches (Section 3.2.1) and the 10 isolates (analysis 2) chosen from these for taxonomic 
studies (Section 4) and clonal E. marginata pathogenicity testing in excised branches and the field    83
(Section 3.2.1 and 3.2.2) using the clustering program called PhenTree on a Macintosh LC II 
computer. This program is a modified version of Taxan 2 (Burr, 1968). All raw data were metric 
characters. Analysis 1 comprised the following 10 characteristics: radial growth rates on V8A and 
PDA at 15°C and 24°C; and lesion growth rates, EBL and lag phase in non-clonal E. marginata 
and  E. calophylla excised lateral branches. The second analysis comprised 18 characteristics: 
chlamydospore, gametangial, and sporangial dimensions; zoospore production; lesion growth rate 
and EBL in excised lateral branches of clonal E. marginata; and lesion length and EBL for E. 
marginata clone 1JN30 (RR) in the field. A dendogram was produced from these metric 
characters using the UPGMA unweighted group-average approach. 
 
5.3  RESULTS 
 
5.3.1 Analysis of morphological, physiological and pathological characteristics of 72 
Phytophthora cinnamomi isolates  
 
A dendogram of phenotypes (Figure 5.1) was produced using metric data from 10 characteristics 
(Table 5.1). Four main clusters were identified. Clusters 3 and 4 were divided further into 
subgroups (Figure 5.1). The mean of each of the 10 characteristics for all isolates belonging to a 
cluster are shown in Table 5.1. 
 
Two P. cinnamomi isolates from Huntly isolated from E. marginata were grouped into cluster 1. 
These isolates had low lesion growth rates, and a high lag phase in excised E. marginata lateral 
branches distinguishable from all the other clusters. Another key feature of these isolates was that 
the radial growth rates on V8A at 15°C were the lowest in comparison to the other clusters. 
 
Cluster 2 contained 5 isolates, 4 out of a possible 6 isolates were from Old’s and Dudzinski’s 
culture collection, were in this group. These had the lowest radial growth rate on V8A and PDA at 
24°C. All isolates had either a rosette or semi-rosette colony morphology, although this 
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characteristic was not used for clustering. The lag phase for isolates in cluster 2 screened in E. 
marginata excised lateral branches was low compared isolates in cluster 1 and 3. 
 
The majority of P. cinnamomi isolates (80%) that fell into cluster 3 were from Jarrahdale. There 
was no distinction between isolates originating from E. marginata or E. calophylla in this group. 
Cluster 3 was distinguished from cluster 4 based on lower growth rates, EBL and higher lag phase 
for the mean of all isolates in excised branches of E. marginata. At a similarity index of 94%, 
there were 3 subgroups in cluster 3. Subgroup 3a was distinguishable from the others in cluster 3 
due to the isolates inability to extend beyond the lesion front. Isolates from subgroup 3b were 
slightly more pathogenic in E. marginata with higher growth rates and EBL, and a lower lag 
phase than those from subgroup 3c. Isolates in subgroup 3c had lower lesion growth rates and a 
higher lag phase in excised E. calophylla branches in comparison to the other subgroups of 
isolates from cluster 3. 
 
Isolates from Willowdale made up 80% of cluster 4. Four subgroups were evident at a similarity 
index of 95% in this cluster. Subgroup 4a was distinguishable from the other 3 subgroups because 
of the extremely high growth rate in E. calophylla excised branches.  Isolates in subgroup 4b 
generally had lower radial growth rates on V8A at 15°C, and lower EBL in E. calophylla and E. 
marginata in comparison to subgroup 4c and 4d. While subgroup 4c was recognisable from 4d 
with higher EBLs in E. calophylla and E. marginata excised branches for isolates in subgroup 4c 
than 4d. 
 
5.3.2 Analysis of morphological, physiological and pathological characteristics of 10 
Phytophthora cinnamomi isolates  
 
A dendogram of phenotypes (Figure 5.2) was produced using data from 18 characteristics (Table 
5.2). Three main clusters were identified at a similarity index of 80%. The mean of P. cinnamomi 
isolates belonging to a cluster are shown in Table 5.2 for each characteristic. 
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Cluster 1 contained a P. cinnamomi isolate from E. calophylla from Willowdale (MP116) which 
produced the largest sporangia, oogonial and oospore dimensions. The main distinction between 
this cluster and the other 2 was that growth rates in excised branches were higher in the resistant 
E. marginata clone (1JN30) than in the 2 susceptible clones (11JN402 and 11JN379), and had the 
highest EBL in the field. Isolate MP116 produced high numbers of zoospores in comparison to 
isolates from cluster 2. 
 
Cluster 2 contained 7 P. cinnamomi isolates all of which were from E. marginata except for one 
E. calophylla isolate (MP100). This group tended to produce the second largest sporangia, the 
smallest oogonia and oospores with the thinnest walls and the lowest zoospore producers. 
Generally, lesion growth rates of all isolates in the resistant clone were lower than for at least one 
susceptible clone in excised branches of E. marginata. In comparison to the other clusters, all 
isolates from cluster 2 had an intermediate EBL. 
 
Cluster 3 contained 2 isolates, one E. marginata isolate (MP135) from Kelmscott and the other E. 
calophylla (MP112) isolate from Jarrahdale. These isolates produced the smallest sporangia with 
an L:B ratio of 1.4. In excised branches these isolates behaved differently with isolate MP112 
growing faster in the resistant clone (1JN30) than in the susceptible clones (11JN402 and 
11JN379), more so than MP116 from cluster 1, while isolate MP135 had the lowest growth rate in 
the resistant clone compared to both susceptible clones. The distinguishing characteristic of these 
isolates was that overall the EBLs in excised branches were the lowest, while the EBLs in the field 
were intermediate in comparison to the other 2 clusters. 
 
5.4  DISCUSSION 
 
Cluster analysis revealed that the 72 P. cinnamomi isolates could be separated based on either 
morphological or pathological or both characteristics. Four clusters were identified, 3 of which 
were distinguished by geographical origin, and the fourth group containing the majority of isolates 
obtained from Old’s and Dudzinski’s culture collection. 
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The distinction of P. cinnamomi isolates by locality was not unexpected considering that 
Willowdale isolates generally had higher growth rates on agar media (Section 2) and higher lesion 
growth rates in excised lateral branches of non-clonal E. calophylla and E. marginata (Section 3) 
in comparison to the other isolates. While the distances between minesites are small compared to 
those that previous reports have examined (Shepherd and Pratt, 1974; Podger, 1989; Dudzinski et 
al., 1993), variability between localities was still observed in the present study. This raises the 
hypothesis that there were different founder effects at the minesites and this may have occurred by 
one or a few introductions. The hypothesis can be tested by examining isolates from each minesite 
genetically using RAPD-PCR. Similar banding patterns among isolates would support the founder 
effect hypothesis.  
 
It is also likely that apart from different founder effects, there may be different selection processes 
at the minesites. It was not in the scope of this present study to determine what these differences 
were. A study examining the genetics of E. marginata, the predominant species at all minesites, 
may be a beginning point to answer this complex issue. If this study finds evidence of genetic 
variability of the E. marginata among minesites, then this would warrant further investigation of 
other prevalent plant species. 
 
There was no distinction of isolates from E. marginata or E. calophylla. Though it has been 
shown by a number of researchers that E. calophylla is more field resistant than E. marginata 
(Podger, 1972), and that this is associated with the higher concentrations of lignin and phenolic 
compounds produced by the tolerant species (Cahill and McComb, 1992; Cahill et al., 1992; 
Bennett et al., 1993). One hypothesis of this study that isolates from E. calophylla are more 
pathogenic overall than those from E. marginata was not supported by the present study. Host 
species specificity of P. cinnamomi isolates has been suggested by other workers (Zentmyer, 
1980; Erwin, 1983; Robin, 1993). It is likely that the E calophylla have been stressed by water 
logging or ponding which predisposed them to P. cinnamomi infection (Hardy, unpublished). 
Therefore it is possible that P. cinnamomi infection occurred opportunistically rather than the 
isolates ability to overcome the host defense mechanisms in the E. calophylla. 
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Isolates obtained from Old and Dudzinski had lower growth rates on V8A and PDA at 24°C in 
comparison to the other 4 clusters. An explanation of this grouping of P. cinnamomi isolates 
separate to those obtained from the minesites (Alcoa of Aust. Ltd.) is that Old’s and Dudzinski’s 
isolates have been in the culture collection for many years in comparison to a maximum of only 2 
years for the minesite (Alcoa Aust. Ltd.) isolates (pers. comm. Tommerup). It may be necessary to 
passage these isolates through a host prior to conducting additional studies. 
 
Distinction of isolates based on classical taxonomy characteristics and excised clonal and field 
clonal E. marginata pathogenicity tests revealed 3 clusters. One cluster had one isolate (MP116) 
which produced the largest sporangia and most zoospores. This isolate had a growth rate in 
excised branches that was almost identical for both the resistant (1JN30) and susceptible 
(11JN402 and 11JN379) E. marginata clones and in the field clones had a high EBL (high 
biotrophic behaviour). These pathogenicity tests have shown that this isolate may be highly 
pathogenic. It is postulated that the high pathogenicity coupled with its high zoospore production 
would make this isolate a prime candidate for a major pathogen in the field. Further studies would 
have to examine whether zoospore production under field conditions would support this 
hypothesis.  
 
Cluster 3 contained 2 high zoospore producer isolates of P. cinnamomi (MP112 and MP135), 
however their pathogenicity was considerably lower than that of MP116. While the second cluster 
contained 7 isolates which were generally low zoospore producers with a higher pathogenicity in 
excised branches of clonal E. marginata than the isolates from the previous cluster. So while the 
results of isolate MP116 indicated that high pathogenicity may be related to high zoospore 
production, the results obtained for isolates from cluster 2 and 3 suggest that there is no 
relationship between the 2 characteristics. Therefore, a study with a greater number of isolates 
would need to be completed and under field conditions to determine whether pathogenicity is 
associated with zoospore production. 
   92
Despite the lack of understanding of the nature of the variability observed morphologically, 
physiologically and pathologically, the results in the present study show that isolates vary in 
phenotypes. This raises the question that isolates vary genotypically.   93
Chapter 6. GENERAL DISCUSSION 
 
In summary, the P. cinnamomi isolates from Willowdale grew slightly faster on all agar media and 
appeared less thermosensitive than other isolates (Section 2). Lesion growth rates in excised branches 
were significantly (p=0.05) higher than for other isolates (Section 3). Based on these life history 
characteristics they were distinguished from other groups of isolates (Section 5). The classical 
taxonomy studies examining a number of life history characteristics of 10 selected isolates, found an 
isolate (MP116) from Willowdale that had the largest sporangia and gametangia, produced large 
numbers of zoospores, had a high lesion growth rate and EBL in excised branches and in intact 
branches in the field for clone 1JN30 (RR). Lesion extension in root inoculations indicated this isolate 
was highly pathogenic, since lesion extension in the resistant and susceptible clones were almost 
identical (Section 3). However, as discussed previously (Section 3), further work needs to be done 
with the root experiment. 
 
The life history characteristics examined using 72 and 10 isolates suggested that isolates vary 
considerably in their innate capacity to be pathogenic where innate refers to the interaction between 
environmental factors and the pathogen genotype to produce the observed phenotype. On the basis of 
all the life history characteristics examined, it raises the hypothesis that Willowdale isolates have life 
history characteristics that make them potentially major pathogens in the field. However, the results in 
the present study are not conclusive primarily because characteristics were generally measured under 
controlled conditions apart from the pathogenicity tests in intact branches in the field and the root 
inoculation of clonal E. marginata in an aeroponics system. 
 
The assumption that the pathogenicity tests in excised and intact branches equate to the innate 
capacity to be pathogenic in the field has not been investigated. Pathogenicity tests did not examine 
the penetrative ability of isolates, since they were introduced to wounds. Agar inoculum plugs were 
used and this may have affected the lesion extension because the mycelia were supplied with a    94
nutrient source. This needs to be examined by using miracloth inoculum as used by Stukely and Crane 
(1994). Initially it was intended to use miracloth, but because of the slow establishment of P. 
cinnamomi on this material, agar inoculum disks were chosen instead. Since there was little 
comparability between intact and excised branches, it is not known whether this was due to the 
physiological alteration of branches when cut from trees, or the different environmental factors 
encountered by intact branches in the field as opposed to excised branches. This needs further 
investigation. 
 
The only reliable data on the effect of temperature was obtained from radial growth on agar media 
measured at 24°C and 28°C. While this study showed that isolates vary in thermosensitivity, it is not 
known how this applies to the field and the advantage isolates with high growth rates would have over 
slow growers. Presumably rapid growers would be able to colonise tissue more rapidly. Temperature 
has been shown to affect many life characteristics examined in the present study of the fungus 
including zoospore production (Halsall and Williams, 1984), radial growth (Shepherd and Pratt, 1974; 
Zentmyer et al., 1976; Phillips and Weste, 1985; Robin, 1993) and pathogenicity (Zentmyer, 1980). 
Halsall and Williams (1984) showed that the optimum temperature for zoospore production for their 
P. cinnamomi isolates was between 14°C to 22°C. When moisture is also adequate, isolates would 
presumably have a high potential to be pathogenic, but at these temperatures plant growth and the 
activity of antagonistic microorganisms is also favoured (Halsall, 1982, cited in Halsall and Williams, 
1984). Consequently the pathogen-host interaction is modified as a response to temperature of both 
the pathogen and host.  
 
As has been discussed previously (Section 3) the physiological status of the tree is important when 
considering the pathogen-host interaction. Therefore in future studies the status of trees needs to be 
measured and taken into consideration in interpreting the results. Since antagonism has been shown to 
affect hyphal and zoospore survival (Malajczuk et al., 1983) and the ability of the fungus to establish 
in roots of E. sieberi seedlings (Marks and Smith, 1883, 1985), the translation of the temperature 
effect on isolates based on the radial growth in vitro may be limited to excised and intact branch    95
studies and not to field and pot trial studies. Consequently studies examining the life characteristics 
need to be completed under conditions mimicking the field to determine the survival capability of 
isolates. The effect of hyphal growth in response to temperature and antagonistic microorganisms 
could be investigated by growing hyphae of P. cinnamomi isolates in sealed bags permeable to other 
soil microorganisms, but preventing hyphal penetration. Before introduction into pots of soil or in the 
field the bags would be weighed carefully. The bags would be buried at different depths so that 
different conditions affecting the fungus can be examined. This experiment should be completed in 
different seasons to investigate the temperature effect.  
 
Another factor that has been shown to alter the pathogen-host interaction is waterlogging. Davison 
and Tay (1987) demonstrated that the length of the roots infected was greatest in waterlogged 
seedlings of E. marginata than seedlings under normal conditions inoculated with zoospores. It was 
suggested that this difference was probably due to a larger attraction of zoospores to anaerobically 
respiring roots as well as increased mobility in waterlogged soils. The ability of the isolates used in 
the present study to infect seedlings in waterlogged soils needs to be examined. 
 
The classical taxonomy studies indicated that there were considerable differences in gametangial and 
sporangial morphology. The presence, though in low numbers, of paragynous antheridia in some 
isolates has been the first report of this for P. cinnamomi. Further research needs to determine how the 
paragynous antheridia arose, whether or not these antheridia are involved in fertilisation alone or act 
in concert with amphigynous antheridia, and whether the oogonia formed by these interactions are 
viable. If the oogonia formed are viable, then the phenotypic expression of the germinants should be 
followed closely with respect to life history characteristics.  The unusual shapes and sizes of sporangia 
formed by some of isolates suggests that there may be genotypic variability in this characteristic. 
However, since there was also a large variation in sporangia within species, it may be an external 
effect such as light that is altering sporangial development. Studies using RAPD-PCR analysis may 
reveal differences among isolates with paragynous antheridia and unusual sporangial shapes compared 
to the other isolates. 
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The present study has demonstrated that isolates vary in morphology, physiology and pathogenicity. 
This suggests that there is genetic variability among isolates. Since the present study confirmed 
previous reports (Pratt et al., 1972a; Shepherd et al., 1974; Zentmyer, 1983) of the rarity of the A1 
isolates, it is unlikely that sexual reproduction is occurring in the field. This raises the question how 
such variability arose. Mechanisms such as the Trichoderma and other effects have been proposed 
(Pratt et al., 1972b; Zentmyer, 1980; Johnson and Heather, 1982), however there is no evidence of this 
occurring in the field. Since the fungus is diploid or polyploid, variants may have arisen asexually via 
zoospores. This hypothesis requires further research. 
 
Another important question that arises from the present study and that of Dudzinski et al. (1993) is the 
nature of the variability in pathogenicity. One likely reason for such variability are differences in 
elicitor substances produced or initiated by the fungus. Alternatively, isolates may vary in their ability 
to out grow the host response. In the present study this was evident in the variable biotrophic 
behaviour of the isolates in excised branches and intact branches in the field. However, more likely it 
is a combination of these and other factors due to the crude evidence that suggests that pathogenicity 
is controlled by polygenes. 
 
Currently Sykes (unpublished) is investigating whether a highly pathogenic and a low pathogenic 
isolate (determined in the present study) vary in their capability of producing cutinases, cellulases and 
pectinases. These enzymes may be found to act as elicitors in P. cinnamomi. While O’Gara 
(unpublished) is examining the early infection process of a low and highly pathogenic isolate. This 
research may indicate whether isolates differ in their ability to penetrate and initiate a colony. These 
two studies have the potential of providing some evidence of the nature of the variability in 
pathogenicity observed in the present study. 
 
The present study has raised the question that isolates may differ genetically on the basis of the 
different phenotypes observed in morphological, physiological and pathological studies. Examination    97
of such variability has been made possible by RAPD-PCR analysis. Recent work by Tommerup 
(unpublished) has indicated that isolates can be identified by their unique banding patterns and that 
isolates of high and low pathogenicity determined in the study by Dudzinski et al. (1993) can be 
discriminated. This will be determined on the isolates used in the present study to confirm the results 
by Tommerup. 
 
The ability to distinguish isolates of high and low pathogenicity would benefit the work examining 
plant resistance. The pathogenic status of the isolates used in these studies could be predetermined 
without the need for pathogenicity screening of isolates as carried out in the present study. Also in 
field trials, the isolate used could always be reisolated with confidence based on its unique banding 
patterns using RAPD-PCR analysis (pers. comm. Tommerup). The discrimination of isolates based on 
morphological, physiological and pathological characteristics would provide convincing evidence that 
there is genotypic variability among the isolates examined in the present study. Further work will then 
ultimately examine the significance of these banding patterns observed by RAPD-PCR analysis and 
how these bands relate to the characteristic in question. 
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APPENDIX 1 : Preliminary  radial growth rate studies in vitro 
 
Since there were a large number of isolates to be examined, it was necessary to conduct a series of 
preliminary experiments with a small number of isolates to determine the optimal agar media and 
temperature for assessing growth rates. For these experiments, radial growth was determined as 
described in Section 2.2.2. 
 
Effect of different temperatures on radial growth rates 
   
A preliminary study was conducted to determine which temperatures give the largest variation in 
growth rates. This involved 27 P. cinnamomi isolates grown at 4 different temperatures, 5ºC, 
15ºC, 24ºC and 28ºC on V8A.  
 
At 5ºC, growth rates could not be determined due to negligible growth. The results of this 
experiment are presented in Table 1.1. Growth rates at 15ºC  were less than half those at 24ºC. A 
two-way ANOVA test revealed that there was a significant (p=0.05) difference between plates 
incubated at 15ºC and 24ºC, but not between 24ºC and 28ºC. Most growth rate variation among 
isolates was displayed at 24ºC, and consequently growth tests at 28ºC were discontinued. 
 
Table 1.1 Mean growth rate and range of 27 isolates of Phytophthora cinnamomi on V8 agar at 
three different temperatures. 
  Mean±se growth rate (mm/day) at 
 15ºC  24ºC  28ºC 
Mean 8.3±0.2  17.9±0.3  17.5±0.2 
Range 6.3-9.8  13.5-19.7  15.1-19.0 
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Effect of different agar media on radial growth rates 
 
This step of the preliminary tests aimed to establish which of the four agar medium resulted in the 
greatest variation in growth-rate among isolates. CMA, half-strength PDA (½PDA - in 1L : 20g 
PDA and 14g Difco bacteriological agar), PDA and V8A at 15ºC and 24ºC were used and the 
radial growth rates were measured for 9 isolates randomly selected from the previous  preliminary 
experiment. 
 
The results of this experiment are summarised in Table 1.2. Generally the greatest variation in 
growth rates at both temperatures occurred on either V8A or PDA. A comparison between PDA 
and ½PDA at 15ºC revealed that there was no significant (p=0.05) difference between media, 
although the variation in growth-rates increased at 24ºC such that there was a significant (p=0.05) 
difference. While the relationship between CMA and V8A was significantly (p=0.05) different at 
both temperatures, the variation in growth-rates was lower at 24ºC compared to 15ºC such that 
greater than 50% of the isolates were not different (p=0.05) when growth-rates on the 2 media 
were compared. Thus only V8A and PDA were used to test the remaining isolates. 
 
Table 1.2 Mean growth rate and range of 27 isolates of Phytophthora cinnamomi on four media at 
15ºC and 24ºC. 
Media  Mean±se growth rate (mm/day) at 
 15ºC  24ºC 
½PDA                  Mean  2.8±0.2  13.0±0.4 
Range 2.2-4.1  9.9-15.3 
PDA                     Mean  2.6±0.2  11.5±0.4 
Range 2.0-3.7  9.5-13.7 
CMA                    Mean  5.3±0.3  16.2±0.6 
Range 4.1-7.3  12.7-18.3 
V8A                     Mean  7.9±0.4  17.5±0.5 
Range 6.2-9.1  14.1-18.8 
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APPENDIX 2 : Radial growth rates ranked in ascending order for 
72 Phytophthora cinnamomi isolates on V8A and PDA at 15ºC and 
24ºC 
Isolate  V8A 15ºC  Isolate  PDA 15ºC Isolate  V8 24ºC  Isolate  PDA 24ºC 
MP125 6.3  MP132 1.1  MP126  13.5  MP132 5.0 
MP88 6.4  MP61 1.6  MP133  13.8  MP126  6.0 
MP61 6.6  MP100  2.0  MP125  14.3  MP133  6.6 
MP133 6.7  MP110 2.0  MP134  15.2  MP61  7.5 
MP126 6.7  MP88  2.0  MP91  15.8  MP134 7.9 
MU30 7.1  MP103  2.1  MP135  16.0  MP135  8.0 
MP132 7.3  MP101 2.1  MP94-22  16.2  MP95  8.7 
MP97 7.6  MP94-33  2.2  MP94-9  16.2  MP102  8.7 
MP91 7.7  MP95 2.2  MP132  16.4  MP97 9.1 
MP84 8.1  MP84 2.3  MP127  16.4  MP94-37  9.4 
MP87 8.1  MP119  2.3  MP61  16.5  MP110  9.4 
MP89 8.2  MP27 2.3  MP98  17.1  MP115  9.5 
MP101 8.3  MP102 2.3  MP110  17.4  MP125 9.5 
MP71 8.3  MP89 2.4  MP111  17.6  MP94-17  9.6 
MP119 8.3  MP94-27  2.4  MP89  17.7  MP84  9.6 
MP95 8.4  MP133  2.4  MP94-37  17.7  MP94-5  9.6 
MP94 8.4  MP86 2.4  MP100  17.7  MP96 9.7 
MP103 8.5  MP111 2.4  MP95  17.8  MP94-26B  9.7 
MP118 8.5  MP112 2.4  MP94-10  17.8  MP131 9.8 
MP82 8.6  MP127  2.5  MP84  17.9  MP86 9.9 
MP127 8.6  MP80  2.5  MP88  18.0  MP103  10.0 
MP102 8.7  MP114 2.5  MP94-4  18.0  MP94-42  10.1 
MP135 8.8  MP116 2.5  MP101  18.0  MP94-11  10.2 
MP116 8.8  MP98  2.5  MP94-11  18.1  MP89  10.2 
MP72 9.0  MP115  2.6  MP94-13  18.2  MP27  10.2 
MP80  9.0  MP97  2.6  MP92 18.2  MP91 10.2 
MP92 9.0  MP126  2.6  MP102  18.2  MP94-12  10.2 
MP114 9.0  MP94-3  2.6  MP130  18.2  MP94-15  10.2 
MP98 9.2  MP94-17  2.6  MP131  18.2  MP87  10.3 
MP115 9.3  MP96  2.6  MP94-27  18.2  MP111  10.3 
MP94-20 9.4  MP94  2.7  MP94  18.3  MP94-9  10.3 
MP134 9.4  MP94-15  2.7  MP94-26B 18.3  MP94  10.4 
MP110 9.4  MP87  2.8  MP62  18.3  MP127  10.5 
MP96 9.8  MP82 2.8  MP94-12  18.3  MP130  10.6 
MP112 9.8  MP135 2.8  MP94-17  18.4  MP100  10.6 
MP27 9.9  MP94-37  2.8  MP97  18.4  MP94-22  10.7 
MP94-10  10.1 MP125  2.9  MP115  18.4 MP94-4  10.7 
MP94-26B 10.2 MP131  2.9  MP71  18.5 MP94-40  10.7 
MP94-37 10.2  MP94-48  2.9  MP94-25 18.5  MP94-18 10.7 
MP94-22  10.3 MP94-10  3.1  MP94-3  18.5 MP94-49  10.7 
MP130  10.4 MP94-26A 3.1  MP94-33  18.5 MP82  10.8 
MP100  10.4 MP92  3.1  MP72  18.5 MP114  10.8 
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Appendix 2 (cont.) 
Isolate  V8A 15ºC  Isolate  PDA 15ºC Isolate  V8 24ºC  Isolate  PDA 24ºC 
MP94-49  10.4 MP99  3.1  MP94-5  18.5 MP94-10  10.8 
MP94-42  10.5 MP94-42  3.2  MP86  18.6 MP71  10.9 
MP131  10.5 MP118  3.2  MU30  18.6 MP116  10.9 
MP94-9  10.6 MP71  3.2  MP94-18  18.6 MP94-26A 10.9 
MP94-3  10.6 MP130  3.4  MP94-19  18.6 MP94-27  11.0 
MP94-27 10.7  MU30  3.4  MP94-42 18.6  MP94-30 11.0 
MP94-32  10.8 MP134  3.4  MP116  18.8 MP94-19  11.0 
MP94-30  10.8 MP94-4  3.4  MP114  18.8 MP80  11.1 
MP94-5  10.9 MP94-22  3.4  MP94-15  18.8 MP88  11.2 
MP94-26A 10.9 MP62  3.4  MP94-30  18.9 MP94-3  11.3 
MP111  10.9 MP94-49  3.5  MP82  18.9 MP94-25  11.4 
MP94-28  10.9 MP94-13  3.6  MP119  19.0 MP112  11.5 
MP62  10.9 MP94-32  3.6  MP103  19.0 MP94-33  11.5 
MP94-4  10.9 MP91  3.6  MP99  19.1 MU30  11.6 
MP94-39 10.9  MP94-1  3.7  MP94-28 19.1  MP62  11.7 
MP94-11 11.0  MP72  3.7  MP94-39 19.1  MP94-32 11.7 
MP94-1  11.0 MP94-11  3.7  MP94-32  19.1 MP94-28  11.8 
MP94-48  11.0 MP94-20  3.7  MP87  19.1 MP94-39  11.8 
MP94-25  11.1 MP94-26B 3.7  MP118  19.1 MP119  11.9 
MP94-47 11.1  MP94-5  3.8  MP94-20 19.2  MP94-13 12.0 
MP94-33 11.1  MP94-19  3.9  MP94-40 19.2  MP94-48 12.1 
MP94-13  11.3 MP94-39  3.9  MP94-1  19.2 MP94-20  12.2 
MP94-19  11.3 MP94-30  4.3  MP94-26A 19.2 MP94-47  12.3 
MP94-12 11.4  MP94-12  4.3  MP94-47 19.2  MP92  12.3 
MP94-15  11.4 MP94-28  4.4  MP27  19.3 MP94-1  12.3 
MP94-17 11.4  MP94-40  4.4  MP94-48 19.3  MP98  12.6 
MP86  11.5 MP94-47  4.6  MP112  19.4 MP101  12.6 
MP94-18  11.6 MP94-9  4.6  MP80  19.5 MP99  13.0 
MP94-40  11.7 MP94-18  4.9  MP96  19.7 MP72  13.7 
MP99  12.1 MP94-25  4.9  MP94-49  20.0 MP118  14.0 
Mean  9.6  Mean  3.0  Mean 18.1  Mean 10.5 
SE 0.2  SE 0.1  SE 0.2  SE 0.2 
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APPENDIX 3 a-b : Pathogenicity characteristics including lesion 
growth rates, growth extension beyond the lesion margin (EBL) 
and time at which lesion was first observed (lag phase) for 72 
Phytophthora cinnamomi isolates in excised lateral branches of 
non-clonal Eucalyptus marginata (a) and E. calophylla (b). Isolates 
are ranked in ascending order of growth rates. 
 
 
(a) Eucalyptus marginata excised lateral branches 
 
Isolate 
Code No 
Origin Mean±se 
growth rate 
(mm/day)  
EBL (mm)  Lag phase 
(h)* 
MP112  E. calophylla, Jarrahdale  3.4±0.4  20  192 
MP125  E. marginata, Huntly  4.6±1.3  20  168 
MP101  E. calophylla, Jarrahdale  5.6  20  144 
MP126  E. marginata, Huntly  6.4±1.3  10  168 
MP84  E. calophylla, Jarrahdale  6.4  10  96 
MP80  E. calophylla, Jarrahdale  6.7±0.7  20  120 
MP97  E. marginata, Jarrahdale  7.0±0.6  30  144 
MP111  E. calophylla, Jarrahdale  7.3±2.2  20  144 
MP94  E. marginata, Jarrahdale  7.4±0.3  20  120 
MP103  E. calophylla, Huntly  7.6±1.7  20  144 
MP95  E. marginata, Jarrahdale  7.7±1.1  10  120 
MP91  E. calophylla, Jarrahdale  8.0±0.9  10  120 
MP118  E. calophylla, Willowdale  8.1±0.8  10  144 
MP94-20  E. marginata, Willowdale  8.1±5.0  23  70 
MP115  E. calophylla, Willowdale  8.3±1.1  20  168 
MP132  Banksia ilicifolia, Gosnells  8.5±3.3  10  96 
MP88  E. calophylla, Jarrahdale  8.6±0.4  20  120 
MP92  E. calophylla, Jarrahdale  8.7±2.0  10  120 
MP89  E. calophylla, Jarrahdale  8.8±1.4  20  120 
MP119  E. calophylla, Willowdale  8.8±1.2  10  120 
MU30  E. marginata, Jarrahdale  8.8±1.6  10  120 
MP110  E. calophylla, Jarrahdale  8.9±1.5  10  120 
MP100  E. calophylla, Jarrahdale  9.0±0.2  0  168 
MP96  E. marginata, Jarrahdale  9.0±0.6  10  144 
MP87  E. calophylla, Jarrahdale  9.2±0.8  20  120 
MP94-37  E. marginata, Willowdale  9.2±1.9  17  70 
MP94-26B E. marginata, Willowdale  9.2±5.6  20  70 
MP94-25  E. marginata, Willowdale  9.8±6.2  17  70 
MP135  E. marginata, Kelmscott  10.0±4.1  20  70 
MP94-30  E. marginata, Willowdale  10.0  17  96 
MP116  E. calophylla, Willowdale  10.1±0.5  20  72 
MP102  E. calophylla, Jarrahdale  10.2±1.8  20  120 
MP72  E. calophylla, Willowdale  10.4±0.4  20  120 
MP94-49  E. marginata, Willowdale  10.4±2.6  20  70 
MP98  E. marginata, Jarrahdale  10.5±1.5  10  120 
MP99  E. calophylla, Jarrahdale  10.8±1.0  10  68 
MP94-27  E. marginata, Willowdale  10.9±4.5  17  96 
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Appendix 3a (cont.) 
Isolate 
Code No 
Origin Mean±se 
growth rate 
(mm/day)  
EBL (mm)  Lag phase 
(h)* 
MP133 Avocado,  Gatton  QLD  11.3±3.8  13  70 
MP94-33  E. calophylla, Willowdale  11.3±2.0  13  92 
MP130 Soil,  Ourimbah  NSW  11.4±4.2  20  70 
MP94-26A E. marginata, Willowdale  11.4±4.3  20  70 
MP127  E. marginata, Jarrahdale  11.4±0.9  20  144 
MP94-42  E. marginata, Willowdale  11.7±2.4  20  68 
MP94-22  E. marginata, Willowdale  11.7±4.0  15  70 
MP94-18  E. calophylla, Willowdale  11.8±2.5  10  92 
MP94-40  E. marginata, Willowdale  11.8±2.2  20  70 
MP94-28  E. calophylla, Willowdale  11.9±4.0  20  96 
MP94-19  E. marginata, Willowdale  12.0±4.0  20  70 
MP61  E. marginata, Jarrahdale  12.2±2.7  20  96 
MP94-9  E. marginata, Willowdale  12.3±2.4  17  72 
MP94-10  E. marginata, Willowdale  12.3±2.0  17  121 
MP94-47  E. marginata, Willowdale  12.3±5.4  20  96 
MP114  E. calophylla, Willowdale  12.5±2.0  13  92 
MP27  E. marginata, Jarrahdale  12.6±1.5  13  92 
MP134  Casuarina cunninghamiana, Barton ACT  13.0±4.2  13  70 
MP94-11  E. marginata, Willowdale  13.2±3.2  10  92 
MP94-32  E. marginata, Willowdale  13.3±1.5  20  70 
MP94-17  E. marginata, Willowdale  13.5±5.8  20  70 
MP94-3  E. marginata, Willowdale  13.6±2.7  17  96 
MP131  Tasmannia lanceolata, Brown Plains TAS  14.0±6.4  20  70 
MP94-48  E. marginata, Willowdale  14.1±4.3  20  70 
MP71  E. calophylla, Willowdale  14.3±1.4  13  68 
MP62  E. marginata, Jarrahdale  14.3±2.9  13  68 
MP94-4  E. marginata, Willowdale  15.7±3.0  20  96 
MP94-1  E. marginata, Willowdale  15.7±3.2  20  96 
MP82  E. calophylla, Jarrahdale  15.7±3.5  15  92 
MP94-5  E. marginata, Willowdale  16.1±5.1  23  121 
MP94-12  E. marginata, Willowdale  16.1±3.0  13  96 
MP94-13  E. marginata, Willowdale  16.4±4.5  10  72 
MP94-39  E. marginata, Willowdale  16.8±4.1  20  70 
MP86  E. calophylla, Jarrahdale  17.8±4.8  17  96 
MP94-15  E. marginata, Willowdale  19.2±4.3  23  96 
* Values from graphs of lesion extension (Appendix 4). 
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(b) Eucalyptus calophylla excised lateral branches 
 
Isolate 
Code No 
Origin Mean±se 
growth rate 
(mm/day)  
EBL (mm)  Lag phase 
(h)* 
MP92  E. calophylla, Jarrahdale  0.0  10  - 
MP98  E. marginata, Jarrahdale  0.0  10  264 
MP102  E. calophylla, Jarrahdale  0.0  10  264 
MP112  E. calophylla, Jarrahdale  0.0  20  - 
MP115  E. calophylla, Willowdale  0.0  20  - 
MP116  E. calophylla, Willowdale  0.0  20  - 
MP119  E. calophylla, Willowdale  0.0  10  264 
MP125  E. marginata, Huntly  0.0  10  - 
MP99  E. calophylla, Jarrahdale  0.0  15  - 
MP114  E. calophylla, Willowdale  0.0  10  - 
MP94-33  E. calophylla, Willowdale  0.0  13  - 
MP94-42  E. marginata, Willowdale  0.0  13  - 
MP86  E. calophylla, Jarrahdale  0.0  13  - 
MP94-1  E. marginata, Willowdale  0.0  10  - 
MP94-3  E. marginata, Willowdale  0.0  23  - 
MP94-5  E. marginata, Willowdale  0.0  20  - 
MP94-9  E. marginata, Willowdale  0.0  17  - 
MP94-12  E. marginata, Willowdale  0.0  13  - 
MP94-13  E. marginata, Willowdale  0.0  17  - 
MP94-20  E. marginata, Willowdale  0.0  13  - 
MP94-26A E. marginata, Willowdale  0.0  17  - 
MP94-26B E. marginata, Willowdale  0.0  13  - 
MP94-40  E. marginata, Willowdale  0.0  17  - 
MP94-49  E. marginata, Willowdale  0.0  17  - 
MP135  E. marginata, Kelmscott  0.0  17  - 
MP134  Casuarina cunninghamiana, Barton ACT  0.0  13  - 
MP133 Avocado,  Gatton  QLD  0.0  17  - 
MP132  Banksia ilicifolia, Gosnells  0.0  10  - 
MP131  Tasmannia lanceolata, Brown Plains TAS  0.0  10  - 
MP130 Soil,  Ourimbah  NSW  0.0  20  - 
MP96  E. marginata, Jarrahdale  1.6  10  216 
MP127  E. marginata, Jarrahdale  2.9±0.5  10  216 
MP100  E. calophylla, Jarrahdale  3.2  10  216 
MP95  E. marginata, Jarrahdale  3.4  30  216 
MP94  E. marginata, Jarrahdale  3.5  10  192 
MP101  E. calophylla, Jarrahdale  3.5±1.6  10  144 
MU30  E. marginata, Jarrahdale  3.9±0.7  10  216 
MP94-11  E. marginata, Willowdale  3.9  13  121 
MP61  E. marginata, Jarrahdale  4.3  10  216 
MP89  E. calophylla, Jarrahdale  4.5±1.4  30  192 
MP103  E. calophylla, Huntly  4.5  30  120 
MP126  E. marginata, Huntly  4.8  30  216 
MP27  E. marginata, Jarrahdale  5.2  0  121 
MP88  E. calophylla, Jarrahdale  5.5  10  192 
MP118  E. calophylla, Willowdale  5.8  20  168 
MP111  E. calophylla, Jarrahdale  5.8  0  192 
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Appendix 3b (cont.) 
MP94-18  E. calophylla, Willowdale  6.4  17  92 
MP72  E. calophylla, Willowdale  6.4  0  216 
MP84  E. calophylla, Jarrahdale  6.6  20  192 
MP94-25  E. marginata, Willowdale  6.6  13  142 
MP82  E. calophylla, Jarrahdale  7.1  10  143 
MP97  E. marginata, Jarrahdale  7.3  10  144 
MP110  E. calophylla, Jarrahdale  7.7  10  192 
MP94-30  E. marginata, Willowdale  7.8  17  142 
MP80  E. calophylla, Jarrahdale  8.4  10  144 
MP71  E. calophylla, Willowdale  8.5  13  121 
MP91  E. calophylla, Jarrahdale  8.7  0  192 
MP94-4  E. marginata, Willowdale  9.5  23  144 
MP94-39  E. marginata, Willowdale  9.6  20  142 
MP87  E. calophylla, Jarrahdale  9.9  20  120 
MP94-17  E. marginata, Willowdale  10.5  20  96 
MP94-19  E. marginata, Willowdale  10.8±2.9  20  96 
MP94-28  E. calophylla, Willowdale  10.8±3.7  17  96 
MP94-22  E. marginata, Willowdale  11.9  13  96 
MP94-32  E. marginata, Willowdale  11.9  10  96 
MP94-27  E. marginata, Willowdale  12.0  20  96 
MP94-15  E. marginata, Willowdale  12.3  27  96 
MP94-47  E. marginata, Willowdale  13.3  20  96 
MP94-48  E. marginata, Willowdale  14.3  17  96 
MP94-37  E. marginata, Willowdale  15.0  10  142 
MP94-10  E. marginata, Willowdale  24.8  13  121 
MP62  E. marginata, Jarrahdale  26.9  10  92 
* Values from graphs of lesion extension (Appendix 4). 
- No visible lesions observed. 
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APPENDIX 4 : Lesion extension of 72 Phytophthora cinnamomi 
isolates in excised lateral branches of non-clonal Eucalyptus 
calophylla () and E. marginata (). Isolates were distinguished 
into 4 groups based on lesion extension. 
 
1. High pathogenicity in E. marginata and E. calophylla 
 
(A) Isolates from E. marginata 
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2. High and low pathogenicity in E. marginata and E. calophylla respectively   
 
(A) Isolates from E. marginata 
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Appendix 2A (cont.) 
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2. High and low pathogenicity in E. marginata and E. calophylla respectively   
 
(B) Isolates from E. calophylla 
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3. Low pathogenicity in E. marginata and E. calophylla 
 
(A) Isolates from E. marginata 
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Appendix 3A (cont.) 
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3. Low pathogenicity in E. marginata and E. calophylla 
 
(B) Isolates from E. calophylla 
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Appendix 3B (cont.) 
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4. Intermediate pathogenicity in E. marginata and E. calophylla respectively  
 
(A) Isolates from E. marginata 
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4. Intermediate pathogenicity in E. marginata and E. calophylla respectively  
 
 (B) Isolates from E. calophylla 
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4. Intermediate pathogenicity in E. marginata and E. calophylla respectively  
 
 (C) Other host species* 
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* Isolates from different host species obtained from Old’s and Dudzinski’s culture collection.   117
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